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NITRIC OXIDE FORMATION I N  GAS TURBINE ENGINES: 
A THEORETICAL AND EXPERIMENTAL STUDY 
by Thomas Mikus , John B. Heywood, and R. Edward Hicks * t 
1. Introduction 
The gas turbine engine is t h e  dominant power p l a n t  i n  c u r r e n t  
a i r c r a f t .  It has also achieved widespread use in industrial  and 
u t i l i t y  app l i ca t ions .  It even has  the potent ia l  to achieve prosinence 
as an engine for automobiles (1). I n  each of these categories, 
however, t he re  is  concern about the emission of oxides of ni t rogen 
(NO ) from gas turbine engines. For example, i n  t h e  case of a i r c r a f t  
turbines,  the predicted growth in a i r  t r a f f i c  and the trend toward 
larger ,  higher  pressure rat io  engines  are expected to  great ly  increase 
NO emissions i n  t h e  v i c i n i t y  of  major a i rpo r t s .  The Environmental 
Protection Agency has, as a consequence, proposed NOx emission 
s tandards for  a i rcraf t  gas  turbine engines  for  January 1, 1979 (2).  
These standards w i l l  require about a f a c t o r  of t h ree  r educ t ion  in  
emissions (in lbm N02/1000 lbf thrust-hr, averaged over a landing- 
take off cycle) from current  j e t  engine levels. 
X 
X 
It is well known tha t  gas  turb ine  NO emissions are most important 
X 
at  high engine power settings.  Experimentally, it has  been  found t h a t  
increases  in  combustor a i r  inlet  temperature  and pressure,  and thus 
engine  compressor  pressure  ratio,  increase NO ,emissions.  For a 
given engine operat ing condi t ion,  the fuel  inject ion technique,  the 
a i r  d i s t r ibu t ion ,  t he  combustor l iner  pressure drop and the residence 
time a l l  a f f e c t  NOx emission levels. 
X 
* 
Present address, Corporate Research Laboratory, Exxon Research & 
'Present address, Chemical Engineering Research Group, Council f o r  
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The oxides  of  ni t rogen which 
n i t r i c  o x i d e ,  NO, wi th  only  a few 
It has been shown t h a t  t h e  e n g i n e  
leave t h e  e n g i n e  are almost a l l  
pe rcen t  n i t rogen  d iox ide ,  NO2. 
exhaust NO concentrat ion depends 
on r a t e - l imi t ed  r eac t ions  occur r ing  in  the  bu rn ing  gases  in  the  h igh  
temperature  zones of the combustor.  As a d d i t i o n a l  a i r  is mixed wi th  
the  combust ion  products  to  cool  the  gases  before  en t ry  to  the  turb ine ,  
t h e  NO fo rma t ion  chemis t ry  f r eezes .  Af t e r  t h i s  po in t ,  t he  NO con- 
cen t r a t ion  on ly  changes  due  to  d i lu t ion .  
I n  a t t e m p t s  t o  a c h i e v e  r e q u i r e d  r e d u c t i o n s  i n  NO emiss ions ,  severa l  
X 
new combustor concepts are being developed. A computer  program  which 
models t h e  NO format ion  process  in  gas  turb ine  combustors  i s  descr ibed  
here in .  The model w a s  developed t o  assist in  op t imiz ing  the  des ign  o f  
combustors. It can  be  used  to  ex t rapola te  test  data  f rom a combustor 
on a test s t and  to  ac tua l  eng ine  ope ra t ing  cond i t ions .  It c a n  a l s o  
assist i n  i d e n t i f y i n g  key design parameters which have the greatest  
e f f e c t   o n  NO emissions.  
X 
X 
This  type of  model  has  been used extensively to  predict  NOx emissions 
from conventional  combustors. The r e su l t s  o f  t hese  s tud ie s  have  been  
reviewed recently by Heywood and Mikus ( 3 ) ,  and it w a s  shown t h a t  
re la t ively s imple models  which include only the major  paraneters  affect-  
ing  NO format ion  can  be  used  to  pred ic t  NO emissions.  
X 
The des ign  goa ls  of  a number of advanced combustors now being 
developed for low NOx emissions  can  be  summarized as follows.  The 
i n t e n t  is t o  create a primary combustion zone within the combustor 
I 
3 
which is f u e l  l e a n ,  w h e r e  t h e  f u e l  and a i r  are w e l l  mixed together ,  with 
as s h o r t  a res idence  time in  the  h igh  t empera tu re  zone  as i s  cons i s t en t  
with the required combust ion eff ic iency.  Thesa character is t ics ,  for  a 
given engine operating condition, promise minimum NOx emissions. 
One of t h e  advanced combustor concepts, the NASA swirl-can modular 
combustor ( 4 ) ,  i s  b u i l t  upon t h e  u s e  of d i s c r e t e  modules whose character-  
i s t i c  s i z e  is small compared t o  o v e r a l l  combustor dimension (5 cm compared 
to  100  cm).  A r e c i r c u l a t i n g  wake is produced  downstream of each module 
which can be made l ean  and in t ense ly  mixed; i ts s i z e  i s  s i m i l a r  t o  t h e  
module ' s  charac te r i s t ic  s ize .  This  is how the design goals  ment ioned in  
the previous paragraph are approached. 
The scope of t h i s  r e p o r t  i s  t o  develop a c a l c u l a t i o n a l  model f o r  
the formation of NOx in  gas  turb ine  engines .  This  model i s  g e n e r a l  i n  
na tu re  and should be appl icable  to  a range of combustor concepts and 
combustor geometries; however, t h e  examples and discussions are general ly  
d i r ec t ed  toward a i r c r a f t  a p p l i c a t i o n s .  Emphasis i s  placed  on  the  applica- 
t i o n  of t h i s  model t o  t h e  NASA swirl-can modular combustor, and comparisons 
of modeling prediction with experimental NOx d a t a  a r e  now ava i l ab le .  The 
r e p o r t  a l s o  makes immediate use of pred ic t ions  genera ted  by t h i s  NOx 
model.  Experimental  data are  obtained to  support  assumptions and para- 
meter va lues  used  in  the  model, so  t h a t  t h e  modeling predictions may 
be used with some confidence. 
The nex t  s ec t ion  desc r ibes  the  pa r t i cu la r s  of t h e  NOx model, including 
the "building blocks" which can be assembled to generate NOx p red ic t ions  
f o r  a wide variety of combustors.  The third section assembles these 
blocks and compares  the resul t ing predict ions with avai lable  NOx d a t a  
4 
for  different  combustors,  noting  the  influence  of  the  modeling parmeters. 
Section 4 is an analysis  of  Section 3 's  predictions  relevant  to  the 
NASA swirl-can  combustor,  demonstrating  that  much  can  be  learned  about 
a combustor's  operation  simply  by  matching  its NO emissions  data.  The 
fifth  section  describes  parametric  modeling  studies  which  provide  examples 
of  the  further  usefulness of the NO model  in  extrapolating  test  data 
and  in  designing  for low NO - further  insight  is  also  obtained  into  the 
influence  of  the  modeling  parameters. 
X 
X 
X' 
Sections 6 through 10 are  directed  toward  the  verification  of  the 
assumptions  and  parameter  values  which  went  into  the NO modeling  of  the 
NASA swirl-can  combustor.  The  sixth  section  presents a  calculation of 
the  streamlines  downstream  of a module  in  order  to  get  an  overall  view 
of  the  flow  in  this  combustor.  Section 7 describes  calculations of the 
fuel  droplet  formation  and  evaporation  processes  which  occur  within  that 
flow  field.  Flow  visualization  experiments  which  document  the  turbulent 
recirculation  and  fuel  droplet  processes  downstream of the  module  are 
exhibited  in  Section 8. The  ninth  section  is  a  presentation  of  non- 
burning  tracer  experiments  which  quantitatively  follow  the  streamlines 
from  the  swirler  jets  downstream,  as  they  entrain  adjacent  gases. 
Experiments  conciucted  under  burning  conditions  are  presented  in  Section 10; 
they  map  out  the  flow  field  in  terms  of  both  local  equivalence  ratio  and 
local  nonuniformity. A summary  and  conclusions  are  set  forth  in  the  final 
sect ion. 
X 
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2. Model  Description 
2.1 Chemical  kinetics of NOx formation 
At  the  temperatures,  pressures,  and  equivalence  ratios  found 
in  gas  turbine  combustors, NO formation  may  be  calculated  from  the 
set  of six chemical  reactions  used  by  Lavoie  et a1 (5) .  The three 
most  important  reactions are a  modification  of  the  Zeldovich  mechanism: 
N 2 + O z N + N O  
NO + 02 N + 0, 
N + OH: NO + H 
Reactions  involving N20 as  an  intermediary  may  become  important  at 
temperatures  below  2100 K, especially  if  concentrations  are  substanti- 
ally  greater  than  equilibrium  values.  Three  such  reactions  which 
were  included  in  the  calculational  scheme  are: 
H + N 2 0   N 2  + OH 
N2 + 0, + 0 + N 2 0  
NO + NO 2 0 + N2O 
-+ 
A reaction  cited  by  LeTrung  et a1 ( 6 )  which  came  under  consideration 
too  late  to  be  used  in  many of the  calculations is: 
N 2 0  + MS N 2  + 0 + M (7 1 
6 
For typical  conditions  of  interest  the  above  reaction  is  more 
important  than  reactions ( 4 )  and (51, but as will  be  shown  below, 
all of  the N20 reactions  may  generally  be  neglected  with  little  ef- 
fect  on  the NO formation  rate.  Rate  constants  taken  from  Baulch 
et  al. (7) are  presented in Table 1. 
X 
The  reaction  scheme  may  be  written  as  rate  equations  for NO, N, 
and N20 (if  included),  but  first  the  method  for  calculating  the  con- 
centrations  of 0, 02, OH, and H must  be  resolved.  The N2 concentration 
is  essentially  constant.  The  appropriate  assumptions  depend  on  the 
pressure,  temperature  and  atomic  composition  of  the  system  being 
analyzed.  These  assumptions  should  be  suitable  for  typical  gas  turbine 
combustor  conditions, i.e., pressures E 5-30 atm,  peak  temperatures 
2. 2500 K, residence  times  at  these  peak  conditions = 1-3 msec, 
equivalence  ratio  for  hydrocarbon-air  combustion  between  about 0.6 
and 1.3. 
A model  for  the  flame  front  in  the  combustor  must  be  formalized 
before  appropriate  assumptions  can  be  made.  Heywood ( 8 )  and  Westen- 
berg (9) have  justified  the  assumption  that  under  appropriate  condi- 
tions,  the 0, 02, OH and H concentrations  are  the  equilibrium  values. 
The  argument  can be summarized  as  follows. 
In  a  premixed  one-dimensional  flame,  there  is a thin  initial 
reaction  zone  where  radicals  are  generated  and  react  with  the  hydro- 
carbon  fuel.  Most  of  the  temperature  rise  occurs  in  this  zone.  This 
region is followed  by a thicker  zone  where CO is  oxidized  to CO2, and 
7 
TABLE 1 
U t e  Constants f o r  the NOx Kinetic  Reaction  Scheme 
Reaction, i 
1 
2 
3 
4 
5 
6 
7* 
Rate  const. , ki, cm3gmole-’sec-’ 
7.6 x 1013 exp (-38,00O/T) 
1.5 x 109T exp (-19,50O/T) 
4.1 x lolj 
7.6 x lOI3 exp (- 7,60O/T) 
6.3 x 1013 exp (-55,20O/T) 
1.3 x 10I2 exp (-32,10O/T) 
5.0 x 1014 exp (-29,000;T) 
vhere T is  temperature in K 
* 
for M * A ;  no recommendation  for M = N2 
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radicals  present  in  greater  than  equilibrium  concentrations  recombin@ 
through  trimolecular  reactions. If the  NO  formed  in  this  non- 
equilibrium  region  is  much  less  than  the  amount  formed  downstream 
of  the  flame,  then  the 0, 02, OH, and H equilibrium  assumption  is 
a  reasonable  approximation.  There  have  recently  been  studies of 
CO equilibration  in  the  flame  zone  at  pressures,  temperatures  and 
equivalence  ratios  typical of a  combustor  primary  zone (10). These 
studies  show  that  equilibration  times  are  less  than 2  x sec 
(for  equivalence  ratios  between 0.6 and 1.3) which  is  much  less  than 
typical  primary  zone  residence  times,  and  that  the  effect  of  radical 
concentrations  above  equilibrium  values  within  the  hydrocarbon  reaction 
zone  will  not  significantly  increase NO missions. The  amount of 
NO formed  in  the  reaction  zone  of  the  flame  is  small  compared with the 
amount  formed  downstream  of  the  flame  at  gas  turbine  combustor 
conditions. 
Following  Lavoie  et a1 (5) and  assuming  equilibrium  concentrations 
for Nz,~, 0z,OH, and H, the  rate  equations  for NO, N,  and N20 can  be 
written  as 
I 
9 
where p is  the  gas  dens i ty ;  cx = [NO]/ [NOleY f3 = [N]/[N],, and y = [NzO]/ 
[NzO], are, respect ively,  the concentrat ions of  NO, N ,  and N20 divided 
by the i r  equi l ibr ium concent ra t ions ;  and R .  i s  t h e  "one-way" equ i l i -  
brium rate o f  t h e  i t h  r e a c t i o n ,  e . g . ,  R1  = kl[Nz],[Ole. Rough estimates 
of the magnitude of t h e  terms i n  t h e s e  e q u a t i o n s  i n d i c a t e  t h a t  t h e  
r e l axa t ion  times f o r  t h e  [N] and [N20] equat ions are seve ra l  o rde r s  
of   magni tude  shorter   than  that   for   the [NO] equation. It is therefore  
an  exce l len t  approximat ion  to  assume steady-state  concentrat ions for  
N and N20 and set d( [N] /p) /d t  and d([N20]/p)dt = 0. Equations (9) 
and (10) can then be used to  e l imina te  B and y from equation (8); 
rear ranging  in  terms of t he  mass f r a c t i o n  of n i t r i c  o x i d e ,  [ N O ) ,  the  
rate equat ion becomes 
1 
Where (NO) is t h e  mass f r a c t i o n  of NO, %o i s  the molecular weight of 
NO, K 1  = Rl/(R2 + R 3 )  and K2 = R~/(RL, + R5 + R7). The f i r s t  term i n  
the  l a rge  b racke t  on the right-hand side of the above equation is the  
r e s u l t  of reactions (1)-(3),  the extended Zeldovich chain mechanism. 
The second t e r m  i s  t h e  r e s u l t  of r eac t ions  ( 4 ) - ( 7 )  and involves N20 as 
an intermediary.  In  general ,  K1, Kz, and (Y a r e  of order unity or less, 
and the  relative importance of the two mechanisms jus t  desc r ibed  is 
determined by t h e  r a t i o  o f  R1  t o  R 6 .  This i s  much l a rge r  t han  un i ty  
except a t  low tempera tures  ( less  than  2100 K ) .  
I 
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Typical  values  for  the  quantities  found  in  equation (11) are given 
in  Table 2. Many  of  the  calculations  presented  herein  have  been  made 
with R '0; however,  reactions (4)-(7) usually  contribute  relatively 7 
little  to NO formation,  as 
(11) in  light  of  the  values 
richer  than & 0.7,  the R6 
rare  situations  where NO is 
a  local  mixture  leaner  than 
X 
can be seen  from  an  examination  of  equation 
presented  in  Table 2. For a local  mixture 
term is much  smaller  than  the R term,  barring 
far  above  equilibrium  levels (cr>>l). For 
$ 6 0.6, the R6 term  becomes  conparable to 
1 
the R term,  but  both  are  insignificant  relative  to  richer  mixtures.  In 
addition,  for  mixtures  which  are  too  lean,  the  kinetic  scheme is invalid 
1 
due  to  the  combustion  reaction  time  constants  becoming  comparable  to  the 
residence  time. Thus, except  for  cases  where  essentially  all  (on  a  mole- 
cular  scale)  of  the  burned  gases  are  quite  lean,  equation (11) may  be 
simplified to 
Equations (11) and  (12)  show  that  the NO formation  rate  depends  only 
on the  pressure,  temperature,  atomic  composition  and NO concentration 
downstream of the  thin  flame  zone. NO profiles  calculated  with  equation 
(11) as  a  function  of  time  downstream  of  a  one-dimensional  flame  for 
a stoichiometric  mixture  are  shown  in  Fig. 1. Since  primary  zone  resi- 
dence  times are  of  order or less  than 3 msec  and  peak  temperatures % 
2500 IC, one  would  not  expect NO concentrations  to  reach  equilibrium 
levels  within  the  high  temperature  zone  of  a  gas  turbine  combustor. 
This  argument  can  be  made  more  precise. For a << 1, equation (11) 
can  be  rearranged as 
11 
TABLE 2 
Typical Values for Quantities Entering into Rate Equation (11) for NO 
i n l e t  air temperature  590 K 
pressure 5 . 8  a m  
fue l  kerosene 
%O 
equivalence ratio 
30 g gmole-' 
0.8 0.5 
burned gas  temper ture, K 2250  1730 
R ~ ,  m o l e   c m 3  sec-l 7.5 x 2.3 x lo-'' 
0.41 0.20 
R6, m o l e  cm sec -3 -1 3.0 x 1.1 x 
K2 
K for  R7 = 0 2 
-1 , sec -1 
dt a=O 
0.029 0.008 
0.21 0.63 
5 .1  x 1 . 7  x 
12 
T I M E ,  msec 
Figure 1. NO versus  Time for  Stoichiometric Burned Gas at 
Various  Temperatures;  pressure=15  atm;  fuel= 
kerosene; dashed lines are equilibrium  levels 
from Heywood, et al. (11) 
E O U I V A L E N C E  R A T I O  
3 
Figure 2. Characteristic  Time for NO formation  versus 
Equivalence  Ratio for Various  Engine  Pressure 
Ratios; see  Table 3 €or inlet conditions. 
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1 d{NO} - 2MN0 R6 1 ) = -  
'NO d t  - P(NO), 'R1 -t S K 2  
INOF: d{NO)/dt has  the  un i t s  sec-' and can be thought of as the recipro-  
cal of   the   charac te r i s t ic   t ime,  T of t h e  NO formation  chemistry. NO * 
Generally,  this equation may be s implif ied to  
2M R 
NO 1 %L 
piNOje T NO 
as w a s  argued for equation (12).  
Since the gas turbine combustor i s  e s sen t i a l ly  ad iaba t i c ,  t he  burned 
gas temperature and concentrationsofmajor species are determined by 
the  combustor i n l e t  a i r  condi t ions,  local  equivalence rat io ,  and f u e l  
proper t ies .   In  a simple-cycle  gas  turbine  engine,  combustor  inlet 
conditions are determined by engine inlet  condi t ions,  compressor pres- 
s u r e   r a t i o  and eff ic iency,  and p r e s s u r e  l o s ses .  Values  of T from 
equation (13 )  are plot ted in  Fig.  2 as a function of equivalence ratio 
,'or d i f fe ren t  engine  compressor pressure  ra t ios ,  assuming 1 atm., 288 K 
i n l e t  a i r ,  90% polytropic compressor efficiency, and 5X to ta l  p ressure  
loss across  the  combustor liner (see Table 3 ) .  
NO 
The k i n e t i c  scheme f o r  NO formation presented in  th i s  subsec t ion  
will be tes ted in  Subsect ion 3.1. 
2.2 Effects of fuel-air  nonuniformities;  a primary  zone  nodel 
To apply the above NO k ine t i c  scheme t o  a heterogeneous combustion 
zone, t h i s  d e s c r i p t i o n  of a premixed one-dimensional flame must now be 
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TABLE 3 
Inlet Temperatures and Pressures  Appropriate-to  the NO Time  Constants X 
and Formation  Rates of Figures 2 through 6 
Compressor Combustor Combustor 
Pressure Inlet Air Pressure 
Ratio Temp, K (OF) atm (psia) 
8:l 555 (538) 7.6 (112) 
16:l 685  (774) 15.2 (223) 
24:l 772 (933) 22.8 (335) 
32:l 840  (1052) 30.4 (447) 
Figure 3. 
0 .4  0.6 0.8 1.0 1.2 1.4 1.6 
MEAN PRIMARY ZONE EQUIVALENCE RATIO, 5. 
Rate of Increase  in NO Emission  Index  versus 
Mean Equivalence  Ratio for Various  Values of 
Nonuniformity  Parameter, 8:l Engine Pressure 
Ratio; see Table 3 for inlet conditions. 
X 
I 
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r e l a t e d  t o  t h e  f l a m e  s t r u c t u r e  i n  a gas turbine combustor.  Fuel as a 
l iqu id  spray  and  air en ter  the  pr imary  zone  separa te ly  in  approximate ly  
s to ich iometr ic  propor t ions .  The f u e l  d r o p l e t s  v a p o r i z e  as they move 
relative t o  t h e  p r i m a r y  z o n e  g a s e s  l a v i n g  wakes r i c h   i n   f u e l  Vapor, which 
then  m i x  wi th  a i r  and already burned gas,  and bum. Mixing of fuel and 
air to  a uni form equiva lence  ra t io  would not be expected. As t h e  f u e l  
d r o p l e t s  v a p o r i z e ,  f u e l  v a p o r  a n d . a i r  mix and form turbulent "eddies" or 
pockets of combustible mixture with a wide range of fuel-air  ratios.  
High speed movies of liquid-fueled combustors and burners suggest 
t h a t  t h e  t h i n  f l a m e  f r o n t  model descr ibed  in  Subsec t ion  2 . 1  is still  
appl icable .  In  such combustors  low luminosity blue flame fronts propa- 
ga te  through some of the  fue l la i r  eddies ,  whi le  soot - forming ,  luminous ,  
yel low f lame fronts  envelope and consume o t h e r  f u e l l a i r  e d d i e s .  Such 
an uns teady  turbulen t  f lame s t ruc ture  would be  expec ted  in  the  v igorous ly  
s t i r r ed  p r imary  zone  where  fue l  and air  e n t e r  s e p a r a t e l y .  As a conse- 
quence, burned gas eddies are produced with a d i s t r i b u t i o n  i n  f u e l - a i r  
r a t i o  a b o u t  t h e  mean pr imary  zone  va lue .  This  d i s t r ibu t ion  w i l l  change 
with time as these  eddies  m i x  wi th  each other ,  and with di lut ion air, 
through the act ion of  turbulence and molecular  d i f fus ion .  
Details o f  t h e  f u e l  i n t r o d u c t i o n  method and a i r  f low pa t t e rn  de- 
termine t h e  i n i t i a l  d r o p l e t  s i z e  a n d  s p a t i a l  d i s t r i b u t i o n .  The air  
f l o w  p a t t e r n  f u r t h e r  d i c t a t e s  t h e  p r o c e s s  of droplet motion and evapora- 
t i o n  as w e l l  as the subsequent  mixing intensi ty .  Thus,  fuel  introduct ion 
and air  f l o w  a f f e c t  b o t h  t h e  i n i t i a l  s p r e a d  of the  burned  gas  fue l -a i r  ra t io  
d i s t r i b u t i o n  and its change  wi th  t ime.  This  phys ica l  descr ip t ion  of  the  
combustion process is t h e   b a s i s   f o r   t h e  model which will now be descr ibed.  
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The importance of nonun i fo rmi t i e s  can  be  i l l u s t r a t ed  as fol lows.  
S i n c e  f u e l  and a i r  are not  uniformly mixed,  different  burned gas  eddies  
will h a v e  d i f f e r e n t  a v e r a g e  f u e l  f r a c t i o n s  d u r i n g  t h e i r  r e s i d e n c e  t h e  
in the combustor primary zone. The u s e  o f  f u e l  f r a c t i o n  F ( f u e l  mass 
divided by t o t a l  mass) i n  a mass-based d i s t r i b u t i o n  f u n c t i o n  s i m p l i f i e s  
the  mathemat ics ,compared  to  us ing  fue l -a i r  ra t io  or  equiva lence  ra t io .  
Assuminga  Gauss ian  d is t r ibu t ion  func t ion  for  fue l  f rac t ion  about  the  
mezn f u e l  f r a c t i o n  F, 
- 
f (F)  = ( 1 / 2 ~ u ~ ) ~ / *  expi-(F - - 2  F) /2o 2 1 
t hen  the  f r ac t ion  (by mass)  of  the burned gas  f low with fuel  f ract ion be- 
tween F and F + dF is f ( F )  dF. u is the  s tandard  devia t ion  of the  d i s -  
t r i b u t i o n  and a mixing parameter 
6 = a/P 
can be used as a measure of nonuniformity. 
Figures  3 through 6 show t h e  e f f e c t  of nonuniformities on NO forma- 
t i o n  rates (p lo t t ed  as d%o /d t )  for  four  d i f fe ren t  engine  compressor  
p r e s s u r e  r a t i o s ;  i s  a global  emission index expressing oxides  
of n i t rogen  as equiva len t  kg NO2 per  1000 kg of   fuel   burned.  The 
simplifying assumption has been made t h a t  NO is f a r  below equi l ibr ium 
2 
ENO. 
(a << 1). Equation (11) has   been   u sed   t o  ca l cu la t e   t he   pe r f ec t ly  
mixed case ( s  = 0). For  nonuniform  mixtures cs > 0) values   of  d% / d t  
obtained from equation (11) f o r  a range of I#) are weighted by equation 
0 2  
I 
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(15) to  determine an average NO formation rate a t  each average equiva- 
l ence  r a t io .  Fo r  s to i ch iomet r i c  mix tu res ,  t he  mean NO formation rate 
is subs tan t ia l ly  reduced  as the primary zone becomes less uniform.  For 
rich (r& 1.2) and lean (Tg 0.7) t h e  mean NO formation rate i s  substan- 
t i a l l y  i n c r e a s e d .  It has been shown t h a t  v a l u e s  o f  s between 0.3 and 0.7 
are requi red  to  match  predic ted  NOx emissions t o  measurements i n  conven- 
t ional   combustors  . (3) 
Approximate estimates of combustor NOx emissions can be made us ing  
Figures  3 through 6 .  For  example,  Figure 5 is a p p r o p r i a t e   f o r  combus- 
t o r s  u s e d  i n  s t a t e - o f - t h e  art  e n g i n e s  i n  t h e  40,000 + l b f  t h r u s t  class 
a t  take-off  condi t ions.  Assuming an s = 0.4 is t y p i c a l  f o r  t h e  combus- 
tor,   dENO,/dt is almost  constant  between 0.6 < < 1.n. Assuming a resi- 
dence t i m e  fo r  t he  bu rned  gas  wi th in  th i s  equ iva lence  r a t io  r ange  of 1 
t o  2 msec, and an   average   va lue   for  dE /d t   o f  24 kg NO,/1000 kg 
f u e l  msec, gives  an between 24 and 48 kg NO ?/lo00 kg fue l .   Th i s  
spans   t he  measured  range  of 30-40 kg N0,/1000 kg f u e l .  
P 
NO2 
5 0 2  
These  graphs  a l so  ind ica te  des i rab le  combustor  opera t ing  condi t ions  
f o r  low NO emissions.  d”No, / a t  decreases  below  levels  found i n  
convent ional  combustors  only for  5 4 0.7, and then only i f  t h e  u n i f o r m i t y  
P 
o f  t he  fue l - a i r  mix tu re  is s i g n i f i c a n t l y  improved.  Thus a l ean ,  w e l l  
mixed, shor t  r e s idence  time primary combustion zone is requi red ,  wi th  
the mos t  s ign i f i can t  ga ins  coming f rom be t te r  fue l -a i r  mix ing .  
X 
For d e t a i l e d  NOx c a l c u l a t i o n s  a primary zone treatment has been 
implemented  using  the  approaches set f o r t h  i n  t h i s  s u b s e c t i o n .  The 
primary zone is modeled as a p a r t i a l l y  s t i r r e d  ( o r  macro-mixed) r eac to r .  
It is assumed t h a t  t h e  f u e l  and a i r  which enter the primary zone are 
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MEAN  PRIMARY ZONE EQUIVALENCE  RATIO, $,, 
Figure 4 .  Rate of   Increase   in  NO, Emission  Index 
versus  Mean Equivalence Rat io  for  
Various Values of Nonuniformity Parameter, 
16:l Engine Pressure Ratio; see Table 3 
f o r  i n l e t  c o n d i t i o n s .  
0.4 0.6 0.8 1.0 1.2 1.4 1.6 
MEAN  PRIMARY ZONE EQUIVALENCE  RATIO, qp 
Figure 5. Rate of Increase i n  NO, Emission  Index 
versus  Mean Equivalence Rat io  for  
Various Values of Nonuniformity Parameter, 
2 4 : l  Engine Pressure Ratio;  see Table 3 
€or i n l e t  c o n d i t i o n s .  
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0.4 0.6 0.8 1.0 1.2 1.4 1.6 
MEAN  PRIMARY ZONE EOUIVALENCE  RATIO, gp 
Figure 6. Rate  of  Increase  in  NOx  Emission  Index 
versus  Mean  Equivalence  Ratio  for 
Various  Values of Nonuniformity  Para- 
meter, 3 2 : 1  Engine  Pressure  Ratio; 
note NO, scale  shift  from  previous 
figures;  see  Table 3 for  inlet 
conditions. 
TABLE 4 
Typical  Data  Appropriate  to  the 
Premixed  NOx  Calculations  of  Figure 7 
unburned  mixture  temp rature 800 K 
pressure 5.5 atm 
fuel  propane 
equivalence  ratio 
burned  gas  temperature 
residence  time 
0.7 
2380 K 
3.6 msec 
1.0 
2670 K 
3.1 msec 
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r ap id ly  d i spe r sed  th roughou t  t he  zone  to  fo rm d i sc re t e  f lu id  edd ie s  of 
a scale smal compared with combustor dimensions. 
For a s t i r r e d  r e a c t o r ,  t h e  f r a c t i o n  (by mass) of  the f low with 
r e s idence  time between t and t + d t  is @ ( t ) d t  where: 
T is t h e  mean residence time for the primary zone, which can be calcu- 
l a t e d  as 
P 
. 
where V is the  primary  zone  volume, m i n  t h e  mass flow rate through 
the  zone,  and is  t h e  mean s p e c i f i c  volume w i t h i n   t h e  zone.  Since 
a l l  of t h e  f u e l  must pass through the primary zone, 
P  P 
. m F  
m = -  0 0  
FP 
where m is the  overal l   combustor  mass flow  and F /F i s  t h e  r a t i o  
of  primary  zone t o  o v e r a l l  f u e l  f r a c t i o n .  By d e f i n i t i o n  
0 P O  
1 
V = J V(F) f (F) dF 
0 
here  f (F) comes f rom subs t i t u t ing  7 = F and s = s the primary zone 
nonuniformity  parameter,   into  equations  (16)  and (15). Thus, t h r e e  
P P’ 
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parameters are requ i r ed   t o  model the  primary  zone. V F /F  and s 
were chosen because they are expected to  be weak functions of combustor 
opera t ing  condi t ions .  
P'  P 0 P 
NO predict ions for  the pr imary zone are then  ca lcu la ted  as 
X 
{NOIP = 1, J {NO}(F,t) $(t) d t  f (F) dF 
where {PU'O} ( F , t )  is obtained by in t eg ra t ing  equa t ion  (11 )  s t a r t i ng  
from {NO) = 0 a t  t = 0. (NO) migh t  a l so  be  s t a r t ed  from a l e v e l  which 
approximated  "flame-front NO", b u t  t h i s  l e v e l  is n e g l i g i b l e  f o r  t h e  
cases presented herein.  The i n t e g r a l  o n  t has  been  derived  semi-analy- 
t i c a l l y .  The i n t e g r a l  on F is  performed  by c r e a t i n g  a s t a t i s t i c a l  en- 
semble of equal  mass "fluid elements" whose f u e l  f r a c t i o n s  r e p r e s e n t  
f ( F ) ,  and then averaging over these elements.  
2.3 A multi-zone flow model with Monte Carlo mixing 
I n  g e n e r a l ,  NOx production is not  confined to  the pr imary zone,  
Further downstream where additional a i r  is added, it is necesary  to  
model one or more zones where mixing processes are proceeding con- 
c u r r e n t l y  w i t h  NOx formation. A statist ical  method of following a 
chemical  react ion (such as n i t r i c  ox ide  fo rma t ion )  th rough  the  cour se  
of a 
more 
mixing process w a s  described by Corrs in  (12) , and has been adapted 
r e c e n t l y  by Flagan and Appleton (13) 
With t h i s  method the f low through a zone is represented by a sta- 
tistical ensemble of f luid elements  of  equal  mass. A t  any  po in t  i n  
time each element has its own l o c a l  f u e l  f r a c t i o n .  The  number of 
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elements  should be large enough t o  f a i r l y  c h a r a c t e r i z e  t h e  d i s t r i b u t i o n  
o f  fue l  f r ac t ions .  Th i s  number was between 250 and 1000 f o r  t h e  c a l c u -  
l a t ions  p re sen ted  he re in .  The ensemble  of f lu id   e lements   exper iences  
mixing interact ions which represent  the di lut ion and mixing process .  
These interact ions occur  a t  time i n t e r v a l s  of 
4 t = 1/BN 
where B i s  t h e  c u r r e n t  v a l u e  of t he  mix ing  in t ens i ty  and N is t h e  t o t a l  
number o f  f lu id  e l emen t s  i n  the  s t a t i s t i ca l  ensemble .  Each mixing  in- 
t e r a c t i o n  is ca l cu la t ed  as fo l lows :  ( i )  Two d i f f e ren t  f l u id  e l emen t s -  are 
chosen a t  random. ( i i )  For  each  f lu id  e lement  the  n i t r ic  ox ide  format ion  
parameters corresponding to its l o c a l  f u e l  f r a c t i o n  are obtained by i n t e r -  
po la t ion  from a t ab le  o f  parameters appropr i a t e  t o  the  combus to r  i n l e t  
a i r  pressure and temperature  and the fuel  propert ies .  These parameters are 
t h e  s p e c i f i c  volume of the  burn t  gases ,  v, and a set of parameters 
requi red  for  the  use  of  equat ion  (11). (iii) S t a r t i n g  w i t h  t h e  n i t r i c  
oxide mass fract ion each element  contained immediately af ter  i t s  previous 
in te rac t ion ,  equat ion  (11)  is in t eg ra t ed  semi -ana ly t i ca l ly  up t o  t h e  
cu r ren t  time. I f  t h i s  is a n  e l e m e n t ' s  f i r s t  i n t e r a c t i o n ,  t h e  i n t e g r a t i o n  
starts w i t h  t h e  n i t r i c  o x i d e  mass f r ac t ion  con ta ined  when it en te red  the  
zone. (iv) T h e s e  i n t e g r a t e d  n i t r i c  o x i d e  mass f r a c t i o n s  are averaged  to  
represent   complete   mixing  of   the two in te rac t ing   e lements .  (v) Both 
elements are assigned a new f u e l  f r a c t i o n  e q u a l  t o  t h e  a v e r a g e  of t h e  
two p r io r  t o  mix ing .  
For each time increment  there  i s  a corresponding volume increment 
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which r ep resen t s  t he  p rogres s  of the f low through the zone 's  volume 
hV = m A t  
where m i s  the zone 's  mass flow rate and is the  cur ren t  average  speci- 
f i c  volume. When t h e  e n t i r e  zone  volume has been swept out by these  
incremental  volume f l o w s ,  t h e  l o c a l  n i t r i c  o x i d e  mass f r a c t i o n s  for 
a l l  of the  f lu id  e l emen t s  are updated and averaged. This average re- 
p resen t s  t he  mean n i t r i c  o x i d e  mass f r a c t i o n  a t  the  zone ' s  ex i t ,  
Within the framework of t h i s  model is t h e  freedom t o  s p e c i f y  t h e  
mixing  in tens i ty  f3 as a funct ion of  time, This  w i l l  b e  u t i l i z e d  i n  
the  model ing  ca lcu la t ions  presented  in  Subsec t ion  3 . 2 .  
The d i l u t i o n  zone  model is e a s i l y  l i n k e d  i n t o  a computation. If  
the preceding zone is a primary zone model as descr ibed  in  Subsec t ion  
2 .2 ,  t h e r e  w i l l  be  an ensemble of  f luid elements  corresponding to  the 
flow which passes through the primary zone. Each element has its own 
l o c a l  f u e l  f r a c t i o n  a n d  c u r r e n t  n i t r i c  o x i d e  mass f r a c t i o n .  To form 
the  ensemble  o f  f lu id  e l emen t s  fo r  t he  d i lu t ion  zone  is simply a matter 
of taking the primary zone ensemble and adding a number of new elements 
which corresponds to  the mass flow rate o f  add i t iona l  a i r  which is 
enter ing  the  d i lu t ion  zone .  These  new elements will of course have 
f u e l  f r a c t i o n s  a n d  n i t r i c  oxide mass f r a c t i o n s  e q u a l  t o  z e r o ,  s i n c e  
they  represent  pure  air .  
I 
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3. Comparisons  of NO Predict ions  with  Avai lable   Experimental  Data 
X 
3 -1 A "premixed" tubular  burner  
The  k ine t ic  scheme f o r  n i t r i c  o x i d e  f o r m a t i o n  d e s c r i b e d  i n  
Subsect ion 2 . 1  is b e s t  t e s t e d  by comparing predicted NO levels wi th  
measurements  from a premixed  burner, The f u e l  and a i r  should  be 
COIQpletely premixed (s=O), and the  f low should  be  ad iaba t ic ,  wi th  a 
wel l -def ined residence t ime - a one-dimensional f l o w  system, f o r  
example.  Anderson ( 1 4 , 1 5 )  presented NO measurements  from a bLrner 
which  approached  these  requirements. It was a tubular  burner  4 
i nches  in  d i ame te r ,  cons i s t ing  o f  a propane  in jec tor /mker ,  20 t o  
25 diameters  of  mixing region,  a p l a t e  w i t h  c y l i n d r i c a l  p a s s a g e s  f o r  
flameholding and  up t o  4.5  diameters  of  react ion zone;  a cooled gas 
sample probe w a s  l oca t ed  on t h e  axis of  the burner .  
X 
X 
For t h i s  geometry a plug flow assumption should be quite accurate.  
The r a d i a t i v e  h e a t  t r a n s f e r  from the  bu rne r  cen te r l ine  was est imated,  
and found to  decrease the burned gas  temperature  by less than  15  K ;  
t he re fo re ,  t he  gas  f lowing  a long  the  cen te r l ine  was assumed t o  b e  
ad iaba t i c .  The t r i a n g l e s  i n  F i g u r e  7 are t h e  NOx emission index data  
a t  var ious equivalence rat ios  presented by Anderson (15), measured 
30 cm downstream of the flameholder,  for the case of 5.5 atm, 800 K 
in l e t  mix tu re  t empera tu re ,  and 25 m/sec r e f e r e n c e  v e l o c i t y .  The curve 
l abe led  A shows t h e  NOx model p red ic t ions  for the completely uniform 
case; some d a t a  r e l e v a n t  t o  t h e s e  p r e d i c t i o n s  are g iven  in  Tab le  4 .  
Curve A is g e n e r a l l y  i n  good agreement  wi th  the  da ta  over  a wide 
range of emission index, especially in the main region of i n t e r e s t  
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10 < ENo < 40. The NO p red ic t ions  are no t   expec ted   t o   be   accu ra t e  
2 X 
a t  equ iva lence  r a t io s  lower  than  abou t  0.5, where temperatures are 
lower  than 2100 K (see Subsection  2.1). A t  e q u i v a l e n c e  r a t i o s  n e a r  
unity Anderson states t h a t  h i s  d a t a  may be i n  e r r o r  d u e  t o  c a t a l y t i c  
reduct ion  of NO i n   h i s  stainless steel  p robe ;  t h i s  would exp la in  some 
of  the discrepancy between predict ions and data  a t  t h e  h i g h e r  
equ iva lence  r a t io s .  
As seen i n  Subsection 2 . 2 ,  a less peaked predic t ion  curve  may 
be generated by assuming a c e r t a i n  d e g r e e  of nonuniformity ( s > O ) .  
Curve B of   Figure 7 shows NO p red ic t ions  for s = 0.1. This   cunre 
fol lows the general  t rend of  Anderson’s  data s i g n i f i c a n t l y  b e t t e r  
X 
than curve A. It should  be  noted  tha t  these  da ta  were obtained 
downstream of a water-cooled flameholder, which would lower burned 
gas   t empera tu res ;   t he   p red ic t ions  assume a d i a b a t i c   c o n d i t i o n s .   I f  
curve B were c o r r e c t e d  f o r  h e a t  t r a n s f e r  t o  t h e  f l a m e h o l d e r ,  i t  
would agree  wi th  the  da ta  even  more c lose ly .  
F igure  8 presents comparisons for lower i n l e t  m i x t u r e  
temperatures.  The t r i a n g l e s  i n  t h i s  f i g u r e  are aga in  da t a  from 
Anderson (15); cond i t ions  were t h e  same as f o r  t h e  d a t a  of F igure  7 ,  
excep t   t ha t   t he   i n l e t   mix tu re   t empera tu re  w a s  600 K. The s o l i d  
curve  labe led  A a g a i n  shows NO model p red ic t ions  fo r  t he  comple t e ly  
uniform case, wh i l e  so l id  cu rve  B is for s = 0.15. The  agreement 
between the predict ions and the data  is no t  as good as f o r  t h e  h i g h e r  
X 
inlet  mixture  temperature  case, bu t  as i n  F i g u r e  7 agreement i s  
b e t t e r   f o r   t h e   n o n u n i f o r m   p r e d i c t i o n s .  Burned gas   temperatures  w i l l  ’ 
\. 
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Eauivolence Rotlo 
Figure 7. Comparison of  NOx Predictions  with 
Premixed  Experimental Data, 800°K 
Inlet;  pressure = 5.5 atm; s = 0 
for curve  A, s = 0.1 for curve B; 
data from Anderson (15). 
t 
Equivalence Rotlo 
Figure 8. Comparison of NOx Predictions  with 
Premixed Experimental Data, 600°K 
Inlet: see text  for details. 
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be below 2100 K fo r  equ iva lence  r a t io s  l e s s  t han  abou t  0.6 i n  t h i s  case, 
80 t h a t  NO p r e d i c t i o n s  are not  expec ted  to  be  accura te  i n  t h a t  
range. As i n  F i g u r e  7 ,  ca t a lys i s  i n  the  sample  p robe  may have 
depressed the NO d a t a  a t  t h e  r i c h e r  e q u i v a l e n c e  r a t i o s ,  and a 
f l ameho lde r  hea t  t r ans fe r  co r rec t ion  would lower  the  pred ic t ions ;  
t h e s e  f a c t o r s  would improve the agreement. 
X 
X 
The c i r c l e s  i n  F i g u r e  8 are d a t a  from an e a r l i e r  Anderson paper 
(14). These d a t a  were measured 4 6  cm downstream  of the f lameholder ,  
f o r  t h e  c a s e  o f  5.5 am, 590 K inlet  mixture  temperature ,  and 
23 m/sec reference veloci ty ,  roughly comparable  to  the other  data  
i n  F i g u r e  8. However, t h e  d a t a  c i r c l e s  were obtained with a 
d i f fe ren t  propane  in jec tor lmixer  des ign ,  and an uncooled flameholder 
only one-third as th ick .  The dashed curves labeled C and D are t h e  
NO emis s ion   p red ic t ions   fo r  s=O and s=O.1, respect ively.   These 
p red ic t ions  fo l low the  da t a  qu i t e  n i ce ly  up t o  an equ iva lence  r a t io  of 
about 0.85; above t h i s  l e v e l  t h e r e  i s  some discrepancy. Sample  probe 
c a t a l y t i c  e f f e c t s  c o u l d  e x p l a i n  some of t h i s .  G e n e r a l l y ,  t h i s  set 
of d a t a  seems more uniform, i.e. i s  b e t t e r  matched by NOx p r e d i c t i o n s  
wi th  a low s va lue ,  p robab ly  due  to  d i f f e rences  in  the  p ropane  
injector /mixer .  Also, h e a t  t r a n s f e r  t o  t h e  f l a m e h o l d e r  would be less 
s i g n i f i c a n t  t h a n  f o r  t h e  o t h e r  d a t a ,  so t h a t  t h e  NO pred ic t ions  need  
no t  be  ad jus t ed  downward. 
X 
X 
There are two conclusions which may be  drawn from a comparison 
of t h e  p r e d i c t i o n s  and da ta  presented  in Figures  7 and 8- (i) The 
n i t r i c  o x i d e  k i n e t i c  scheme agrees reasonably w e l l  with measurements 
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from a simple burner .  ( i i )  Although i t  w a s  much more uniform than 
state-of-the-art  gas turbine combustors,  the "premhed" burner 
described above probably did not produce a completely uniform fuel-air  
mixture.  
For a s to ich iometr ic  mixture ,  a c a l c u l a t i o n  of the  average  
mixing  in tens i ty  requi red  to  produce  a nonuniformity of s=O.15 
a t  the  f l ameho lde r  ( s t a r t i ng  from pure fuel and a i r  a t  t h e  f u e l  
i n j e c t o r )  y i e l d s  t h e  v a l u e  B=70 sec-l, Compare t h i s  number with a 
value  of  approximately 20 sec f o r  pipe-flow  turbulence  under  these 
condi t ions .  The addi t ional  mixing could easi ly  be accounted for  by 
cons ider ing  the  in i t ia l  mix ing  produced  by the propane injector /mixer .  
Thus, the  fue l -a i r  mix ture  in  th i s  burner  should  not  be  expec ted  to  
be completely uniform. 
-1 
3 - 2  The NASA swirl-can  modular  combustor 
A more complete evaluation of t h e  NO model desc r ibed  in  Sec t ion  2 
X 
r equ i r e s  the examination of a combustor with a f l o w  f i e l d  more 
complicated than the burner  descr ibed in  the previous subsect ion.  
The NASA modular swirl can combustor is an unconvent ional  annular  
des ign  (4). Fuel  is in t roduced  in to  120 swirl cans  a r ranged  in  three  
concen t r i c  r ings  a t  t h e  same axial s t a t i o n .  Most of  the  a i r  flows 
through these modules and i n  between them a t  t h e  p l a n e  of t h e  
"blockage plates" which are t h e  maximum axial c ross -sec t ions  of  the  
swirl cans.  Only  about 6% o f  t h e  t o t a l  a i r  flow is used as l i n e r  
cool ing a i r  and does not pass through or between the swirl cans. 
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Figure 9 shows the  cons t ruc t ion  of  a swirl can. A i r  flows from the 
lef t ,  e n t e r i n g  t h e  can and mixing with fuel, which is sprayed onto 
t h e  swirler p l a t e  from a fue l  t ube  in s ide  the  can .  The f u e l - a i r  
mixture  passes  through the swirler and burns i n   t h e  wake of t h e  
module. Some of t h e  a i r  which has passed around the module is 
e n t r a i n e d  i n t o  t h e  r e c i r c u l a t i n g  wake flow.  Cold-flow tests confirm 
t h a t  t h i s  r e c i r c u l a t i n g  wake extends approximately one blockage-plate 
diameter downstream. The a i r  which flows around the module but is 
not  en t ra ined  in to  th i s  "pr imary  zone" w i l l  m i x  with the combustion 
products from the prhary zone further downstream. Figure 10 i s  a 
t a n g e n t i a l  view of the combustor showing the swirl can modules 
mounted a t  the  en t r ance  p l ane  of t h e  a n n u l a r  l i n e r .  
A t  low fue l -a i r  ra t ios  the  combust ion  occurs  wi th in  smal l  
pr imary zones in  the wake  of each swirl can. As t h e  o v e r a l l  f u e l - a i r  
ra t io  approaches  s to ich iometr ic  (0.069), the primary zones coalesce 
i n t o  a s i n g l e  " r i n g  of f i r e . "  These two extremes of f u e l - a i r  r a t i o  
serve as l i m i t i n g  cases which are t h e  b a s e s  f o r  t h e  f i r s t  two sets 
of NO predic t ions   descr ibed  i n  th i s   subsec t ion .   These   l imi t ing  
cases a l low the  NOx c a l c u l a t i o n   t o   b e  made wi th  a s i n g l e  "primary" 
zone as descr ibed in  Subsect ion 2.2. Later in  t h i s  s u b s e c t i o n  t h e  
d i l u t i o n  zone presented in  Subsec t ion  2.3  w i l l  be  added t o  make a 
more complete model of NO f o r m a t i o n  i n  t h i s  NASA combustor. 
X 
X 
In t h e  limit of low f u e l - a i r  r a t i o s ,  so l i t t l e  f u e l  is being 
added to  the  f low th rough  the  swirl cans  tha t  combust ion  in  the  
module wakes occurs  a t  fuel- lean condi t ions.  Any subsequent mixing 
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wi th  the  air  which passes between the modules but is no t  en t r a ined  
i n t o  t h e  lnrmediate wakes will make the combustion products even leaner,  
r a p i d l y  d e c r e a s i n g  t h e  rate o f ' n i t r i c  o x i d e  f o r n a t i o n .  This e f f e c t  
can be  seen  in  F igures  3 through 6. Regardless of which curve i s  
a p p l i c a b l e  t o  t h e  case of i n t e r e s t ,  a t  s u f f i c i e n t l y  low equivalence 
r a t i o s  t h e  n i t r i c  o x i d e  f o r m a t i o n  rates f a l l  o f f  s h a r p l y  as t h e  
equivalence  ra t io   decreases ,   Therefore ,   the   complete   ni t r ic   oxide 
formation process can be modeled i n  t h i s  limit as the products  of a 
s t i r r e d - r e a c t o r  module-wake primary zone being suddenly quenched and 
then  s imply  di luted  to   the  overal l   fuel-air   ra t io .   This   model  
corresponds to  the separate module wake combustion which is observed 
a t  low f u e l - a i r  r a t i o s .  
An uncer ta in ty  encountered  in  ana lyz ing  the  NASA combustor i s  t h a t  
c o n t r a r y  t o  more convent ional  designs,  the volume of the primary zone 
and t h e  mass flow of a i r  e n t e r i n g  t h i s  zone are no t  w e l l  def ined by 
the l iner  geometry.  The f luid mechanics  of  entrainment  into a 
r eac t ing ,  swi r l ing ,  r ec i r cu la t ing  f low a re  no t  t r ac t ab le  enough to  be  
used i n  the  r e l a t ive ly  s imple  n i t r i c  ox ide  fo rma t ion  model being 
proposed  here. The following  assumptions are made to  obta in  s imple  
models: ( i )  The  volume  of t he .p r imary  zone  in  the  wake of  each 
swirl can module is t aken  to  be  8.7 i n  3,  which is e q u a l  t o  t h e  area 
of an  averaged  b lockage  p la te  mul t ip l ied  by the  p la te ' s  d iameter .  This  
aspect  ra t io  of  approximately one is v e r i f i e d  by cold-flow tests. If 
the  f low pa t te rns  in  the  combustor  do not change much as the volume 
flow rate and combustion i n t e n s i t y  are v a r i e d ,  t h e  volume of t h e  
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primary  zones w i l l  r m a i n  n e a r l y  c o n s t a n t .  Of course,  as the  fue l -  
a i r  ra t io  approaches  s to ich imet r ic  and  the  pr imary  zones  coa lesce ,  
this   assumption becomes i n v a l i d .  ( i i )  The a v e r a g e  f u e l  f r a c t i o n  i n  
the primary zones is  p r o p o r t i o n a l  t o  t h e  c o m b u s t o r ' s  o v e r a l l  f u e l  
f r ac t ion .  Once aga in ,   i f   the   combustor ' s   f low  pa t te rns   remain  
r e l a t i v e l y  f i x e d ,  t h i s  a s s u m p t i o n  w i l l  be  approximately t rue.  
A few comments on the above modeling assumptions are i n  o r d e r .  
( i )  Primary zone residence t imes are proport ional  to  pr imary zone 
volume. Nitric oxide product ion is  found t o  b e  a l m o s t  l i n e a r  w i t h  
res idence  time f o r  t h e  r e g i o n  o f  i n t e r e s t ,  so tha t  changing  the  
primary zone volume w i l l  a p p r o x i m a t e  s l i d i n g  t h e  n i t r i c  o x i d e  
predic t ion   curves   ver t ica l ly   on  a log  scale. ( i i )  Changing t h e  
propor t iona l i ty  fac tor  be tween the  pr imary  and  overa l l  fue l  f rac t ions  
i s  equ iva len t  t o  chang ing  the  f r ac t ion  o f  t he  ove ra l l  air  flow which 
enters the  primary  zone.  This  changes  both  the  primary  zone 
res idence  time acd  the  d i lu t ion  f ac to r  on  exit from the primary zone. 
The approx ima te  l i nea r i ty  of n i t r i c  o x i d e  w i t h  r e s i d e n c e  time 
mentioned above r e s u l t s   i n  a cance l l a t ion  o f  t he  r e s idence  time and 
d i lu t ion   fac tor   e f fec ts .   Thus ,   changing   the   p ropor t iona l i ty   fac tor  
be tween  the  p r imary  and  ove ra l l  fue l  f r ac t ions  mere ly  s l i des  the  
n i t r i c  o x i d e  p r e d i c t i o n s  h o r i z o n t a l l y  o n  a l o g  scale o f  ove ra l l  
f u e l - a i r  r a t i o .  
I n  t h e  limit o f  o v e r a l l  f u e l - a i r  r a t i o s  n e a r  s t o i c h i o m e t r i c ,  SO 
much f u e l  is being added t o  the  f low th rough  the  swirl c a n s  t h a t  
combustion conditions in the module wakes are much r i c h e r  t h a n  
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Stoichiometr ic .  AS mixing occurs w i t h  t h e  a i r  which passes between the 
modules but is not  entrained into the immediate  wakes,  the rate of 
n i t r ic  oxide formation w i l l  increase markedly.  This  effect  is shown 
in Figures 3 through 6. Regardless of which curve is a p p l i c a b l e  t o  
the case o f  i n t e r e s t ,  a t  e q u i v a l e n c e  r a t i o s  g r e a t e r  t h a n  u n i t y ,  t h e  
n i t r i c  o x i d e  f o r m a t i o n  rates are s igni f icant ly  lower  than  the  rates 
p r e v a i l i n g  a f t e r  d i l u t i o n  t o  a n  e q u i v a l e n c e  r a t i o  n e a r  u n i t y .  It is 
also found tha t  r e s idence  times c a l c u l a t e d  f o r  t h e  module wakes are 
several times shor t e r  t han  the  ove ra l l  r e s idence  times c a l c u l a t e d  f o r  
the  combustor.   For  the  above  reasons,   the  nitr ic  oxide formed i n  
t h e  module wakes can be neglected compared t o  t h a t  formed a f t e r  
d i lu t ion   t o   t he   ove ra l l   f ue l - a i r   r a t io .   The re fo re ,   t he   comple t e  
n i t r i c  ox ide  fo rna t ion  p rocess  can  be  modeled i n  t h i s  limit as t h e  
whole combustor volume operating as a s t i r r e d  r e a c t o r  a t  t h e  o v e r a l l  
f u e l - a i r  r a t i o .  T h i s  model  corresponds  to  the  "ring of  f i r e "  t y p e  of 
combustion observed a t  f u e l - a i r  r a t i o s  n e a r  s t o i c h i o m e t r i c .  
S i n c e  t h e  e n t i r e  combustor l i ne r  annu lus  i s  se rv ing  a s  the  
combustion zone of i n t e r e s t ,  t h e  volume of t h e  zone as w e l l  as the  
mass flow rates through i t  are w e l l  def ined by t h e  l i n e r  geometry. 
The volume  of the annulus  i s  approximately 4.1 f t  . The average  fue l  
f r a c t i o n  is about 1.03 t imes  the  ove ra l l  to al low for  one half  of  
t h e  l i n e r  c o o l i n g  a i r  t o  p a r t i c i p a t e  i n  t h e  r e a c t o r  on the average. 
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P r e d i c t i o n s  from t h e  two l i m i t i n g  case models have been 
publ ished previously by Heywood and  Mikus (3) They Sene as  an 
important  backdrop for  the more complete model which i s  implemented 
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later i n  this subsec t ion .  Predic t ions  are expressed as n i t r i c  o x i d e  
mass f r a c t i o n  {'NO}. These may be  conve r t ed  to  the  emis s ion  index  
ENo2 by the formula 
where f i s  the  overa l l  fue l -a i r  ra t io .  Calcu la t ions  have  been  done  
f o r  b o t h  t h e  r e s i d e n c e  time dis t r ibu t ion  of  equat ion  (17)  and f o r  a 
uniform residence time; t h e s e  p r e d i c t i o n s  d i f f e r  by only  a few percent.  
The la t ter  method has been used f o r  t h e  p r e d i c t i o n s  p r e s e n t e d  i n  
t h i s  s u b s e c t i o n .  
Figures  11 through 13, and 14,show these l imit ing-case predict ions 
as dashed   l i nes ,   fo r  two d i f f e r e n t  i n l e t  a i r  temperatures .  Data 
p o i n t s  shown i n  t h e s e  f i g u r e s  were derived from NASA data  (4) .  The 
d a t a  p o i n t s  shown as c i rc les  are measurements made a t  a combustor 
i n l e t  p r e s s u r e  o f  5 t o  6 atm, with a combustor a i r  flow of 85 to  110  
lbm/sec. The da ta  po in t s  shown as diamonds are known t o  b e  measured 
a t  6 atm and 110 lbm/sec, which were t h e  v a l u e s  u s e d  i n  t h e  p r e d i c t i o n  
computations. The s o l i d  c u r v e s  i n  t h e s e  f i g u r e s  i n c l u d e  t h e  d i l u t i o n  
zone model, and w i l l  be  descr ibed la ter  i n  t h i s  s u b s e c t i o n .  
The dashed curves drawn for  fuel-air  ra t ios  between 0.01 and 0.03 
are c a l c u l a t e d  w i t h  t h e  low f u e l - a i r  ratio model, using a primary zone 
f u e l  f r a c t i o n  2.5 times the ove ra l l  va lue .  As mentioned earlier, a 
change in th is  parameter  w i l l  s imp ly  p ropor t ion  ou t  t he  p red ic t ion  
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curves  hor izonta l ly .  Also n o t e  t h a t  a change in  pr imary  zone  volume 
Simply shifts t h e  c u r v e s  v e r t i c a l l y .  The mixing parameter values 
0.33 and 0.42 which are i l l u s t r a t ed  p roduce  approx ima te ly  the  p rope r  
s lope  to  ma tch  the  da t a ,  e spec ia l ly  fo r  t he  h ighe r  combus to r  i n l e t  
temperature case, F igures  11 through 13. 
The dashed  curves  drawn for  fue l -a i r  ra t ios  grea te r  than  0 .03  
are c a l c u l a t e d  u s i n g  t h e  n o d e l  a p p r o p r i a t e  t o  f u e l - a i r  r a t i o s  
comparable  with s toichiometr ic .  Here the  primary  zone  volume  and 
f u e l - a i r  r a t i o s  are w e l l  def ined ,  so t h a t  t h e  p r e d i c t i o n  c u r v e s  are 
n o t  s h i f t a b l e  w i t h o u t  making bas i c  changes  in  the  model. 
Having matched the  emiss ions  da ta  wi th  the  l imi t ing-case  models ,  
the  fo l lowing  model parameters  can be assigned approximate values  for  
t h i s  combustor: (i) primary  zone  volume V 2 8.7 i n .3   ( i i )   p r imary  
t o   o v e r a l l   f u e l   f r a c t i o n   f a c t o r  F /F 2.5 and ( i i i )  primary  zone 
mixing  parameter s % 0.4. It should  be  noted  that   these  parameters  
were only evaluated approximately,  and that  they by no means r ep resen t  
the best  possible  match with the experimental  data .  However, t hese  
parameter values are a d e q u a t e  f o r  e x p l o r i n g  t h e  p o t e n t i a l  o f  t h e  
d i l u t i o n  zone model t o  p r e d i c t  n i t r i c  o x i d e  f o r m a t i o n  o v e r  a wider 
range of combustor  fue l -a i r  ra t ios .  
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The d i l u t i o n  zone c a l c u l a t i o n  is  i n  f a c t  a n  e x t e n s i o n  of t h e  l e a n  
end  primary  zone  calculations.  As descr ibed a t  t h e  end of  Subsection 
2 .3 ,  t h e  d i l u t i o n  zone i s  l i n k e d  i n  b y  a d d i n g  a d d i t i o n a l  f l u i d  
e l e m e n t s  f o r  t h e  d i l u t i o n  a i r .  In  t h i s  case t h e s e  new elements 
r ep resen t  t he  a i r  f l ow which  has passed between the modules, but 
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was n o t  e n t r a i n e d  i n t o  t h e  r e c i r c u l a t i n g  wake primary  zone. For a 
Primary zone enrichment factor F /F = 2.5, only about 40X of t h e  
a i r  flow passes through the primary zone. So f o r  a d i lu t ion  zone  
ensemble of 750 elements, about 300 are ca r r i ed  ove r  from t h e  
Primary zone ensemble, and 450 w i l l  s t a r t  o u t  as a d d i t i o n a l  a i r  
e lements .   Star t ing  f rom  this   condi t ion,   the   mixing and NO 
c a l c u l a t i o n s  are carried forward as desc r ibed  in  Subsec t ion  2 . 3 .  
- 
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X 
F igure  11 presents  the mixing model  predict ions for  a range of 
values  of  the  mixing  parameter  B,assuming  that   in  each  case is 
cons tan t  in  t ime.  A t  a g iven  fue l - a i r  r a t io ,  t he  behav io r  of t h e  
n i t r i c  o x i d e  p r e d i c t i o n s  a s  a funct ion of  B can be understood by 
examining t h e  h i s t o r y  o f  t h e  n i t r i c  o x i d e  f o r m a t i o n  ra te  a s  t h e  
flow from the primary zone is mixed w i t h  t h e  d i l u t i o n  a i r .  For 
example: ( i )  A t  o v e r a l l  f u e l - a i r  r a t i o s  less than  about  0.02, t h e  
primary zone i s  l eane r  t han  the  va lue  fo r  peak  n i t r i c  ox ide  fo rma t ion .  
As t he  f low from the primary zone is  d i l u t e d ,  t h e  n i t r i c  o x i d e  
fcrmation ra te  decreases  sharp ly ,  becoming neg l ig ib l e  long  be fo re  the  
o v e r a l l  f u e l - a i r  r a t i o  is reached.  Therefore, a h igh  va lue  of B 
r ep resen t ing  r ap id  d i lu t ion  o f  t he  f low l eav ing  the  p r imary  zone  
would p r e d i c t  n i t r i c  o x i d e  levels j u s t  s l i g h t l y  h i g h e r  t h a n  t h e  
rapid-quench model represented by the dashed l ines.  On t h e  o t h e r  
hand, the gradual dilution of primary zone products represented by a 
low va lue  of f? al lows n i t r i c  ox ide  to  con t inue  be ing  formed at a 
s i g n i f i c a n t  rate f o r  a longer  time, y i e l d i n g  a h ighe r  p red ic t ed  
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value.  (ii) At o v e r a l l  f u e l - a i r  r a t i o s  i n  t h e  v i c i n i t y  of 0.045 t h e  
prlmary zone is considerably richer than the v a l u e  f o r  p e a k  n i t r i c  
oxide formation. As dilut ion of  the pr imary zone f low occurs ,  the 
n i t r i c  o x i d e  f o r m a t i o n  rate a t  first increases  s t rongly  and  then  
dec reases  sha rp ly  once  d i lu t ed  be low the  fue l - a i r  r a t io  o f  peak  
n i t r i c  ox ide  fo rma t ion .  I n  t h i s  r e g i o n ,  a high $ va lue  r ep resen t s  
r ap id  d i lu t ion  pas t  t he  n i t r i c  ox ide  fo rma t ion  peak ,  wh i l e  a hyw $ 
value rep resen t s  a s low di lut ion toward the peak.  Intermediate  
va lues  of B a l l o w  t h e  d i l u t i o n  p r o c e s s  t o  d w e l l  n e a r  t h e  n i t r i c  
oxide formation peak for  s ignif icant  per iods of  time, y i e ld ing  h igh  
n i t r i c  ox ide  p red ic t ions .  
A b e t t e r  d e s c r i p t i o n  o f  t h e  time h i s t o r y  of the  mixing  in tens i ty  
B is t o  r e a l i z e  t h a t  i t  i s  a f u n c t i o n  o f  t h e  i n t e n s i t y  of t u rbu len t  
f luctuat ions within the combustor .  Turbulence is generated a t  t h e  
en t ry  p l ane  by the f low passing through the blockage plates  and 
swirlers and  by the combustion in the primary zone. But once the 
flow leaves the primary zone and dilution begins,  the turbulence 
decays. One possible  assumption for  the form of  the corresponding 
decay of B is 
B = Bo exp W T d )  
where Bo i s  the i n i t i a l  B ,  t is  t h e  time e lapsed  s ince  exit from t h e  
primary  zone,  and T~ i s  a characteristic decay time, A Bo of about 
5000 sec-l approx ima tes  the  in i t i a l  mix ing  in t ens i ty  as can be seen 
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from t h e  low fue l -a i r  ra t io  reg ime of  F igure  11 w h e r e  t h e  i n i t i a l  r a t e  
of  quenching is the  most  impor tan t  fac tor .  The va lue  of  8 will be 
examined la ter .  F igure  1 2  shows p r e d i c t e d  n i t r i c  o x i d e  l e v e l s  f o r  a 
range  of  values  of T t he   cha rac t e r i s t i c   decay  time. For  comparison, 
the t o t a l  combustor residence time is 5-6 msec. Note t h a t  f o r  a decay 
time longe r  than  th i s  r e s idence  time, the  p red ic t ions  are n e a r l y  t h e  
same as f o r  a cons tan t  B of 5000 as shown i n  F i g u r e  11. A s h o r t  
decay time is q u a l i t a t i v e l y  l i k e  t h e  smallest va lue  of cons tan t  f3 
case shown i n  F i g u r e  11. In termedia te  va lues  of decay time y i e l d  
r e s u l t s  which match the data closely; a decay time of 0.35 msec w i l l  
be  used  fo r  fu r the r  ca l cu la t ions .  Th i s  va lue  of T~ sugges ts  thst t h e  
turbulent  energy,  generated by the swirlers and blockage plates a t  
t h e  combustor entrance plane,  is d i s s ipa t ed  wi th in  a dis tance of  
order  one blockage plate  diameter .  
0 
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From equat ion  (22) i t  can  be  de r ived  tha t  fo r  a given combustor 
res idence  t i m e ,  t h e  t o t a l  number of mix ing  in te rac t ions  is  propor t iona l  
to  t h e  time in t eg ra l  o f  t he  mix ing  in t ens i ty  B.  I f  equa t ion  (25) 
ho lds ,  t he  t ime  in t eg ra l  o f  B is approximately fdBo,  assuming t h a t  
t he   r e s idence   t ime  i s  much longer   than   the   decay  time T For   t he  
case o f  r ap id ly  decay ing  the  n i t r i c  ox ide  p red ic t ions  shou ld  no t  be  
too sensitive t o  changes i n  Bo and T provided  the  product  is 
f ixed .  This e f f e c t  is i l l u s t r a t e d  in Figure  13 f o r  a TdBo Product 
of 1.75. me di f f e rences  are most  marked a t  o v e r a l l  f u e l - a i r  r a t i o s  
around 0.02, where the i n i t i a l   d i l u t i o n  rate is most important. 
d '  
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Choosing t h e  m i x i n g  i n t e n s i t y  h i s t o r y  
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Figure 13. Comparison of NOx  Predictions  with 
NASA Swirl-Can Data ( 4 )  for Various 
Initial  Mixing  Intensity/Decay Time 
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Figure 14. Comparison of NOx Predictions with 
NASA Swirl-Can Data ( 4 )  using 
Parameter  Values Fit at Different 
Inlet Temperatures (solid curve) 
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$ = 5000 exp(-t/0.35 msec) sec -1 (26) 
as a reasonable match t o  emission data  a t  900 F in l e t  t empera tu re ,  
t h e  p r e d i c t i o n s  were r e c a l c u l a t e d  f o r  a n  i n l e t  t e m p e r a t u r e  of 600 F. 
The r e s u l t s  are p resen ted  in  F igu re  14. The p r e d i c t e d  n i t r i c  o x i d e  
levels a r e  c l o s e  t o  t h e  2 c t u a l  d a t a ,  f a l l i n g  somewhat lower near  the 
o v e r a l l  s t o i c h i o m e t r i c  f u e l - a i r  r a t i o  of 0.069. However, some of   the  
model parameters, such as the primary zone mixing parameter s , and 
func t iona l  form of  B(t) ,  were evaluated  only  approximately.  The 
c u N e  shown i n  F i g u r e  1 4  i s  n o t  n e c e s s a r i l y  t h e  b e s t  m a t c h  t o  t h e  
exper imenta l  da ta .  
0 
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Possible  mixing model refinements which were evaluated were as 
fo l lows:   ( i )   Ca lcu la te   the   p r imary   zone   n i t r ic   ox ide   format ion  by 
using equation (17) rather than assuming uniform residence times f o r  
a l l  t h e  f l u i d  e l e m e n t s  i n  t h e  d i s t r i b u t i o n s .  ( i i )  Allow the  mixing 
in tens i ty  to  decay  toward  some non-zero value character is t ic  of  
"pipe-flow  turbulence"  rather  than  decaying  toward  zero.  Neither  of 
these  model ing  re f inements  produced  s igni f icant ly  be t te r  pred ic t ions .  
A thi rd ref inement  which w a s  no t  eva lua ted  would b e  t o  a t t e m p t  
t o  r e a c h  a given level of mixing parameter s a t  t h e  combustor exit. 
This va lue  is about  0.5 f o r  t h e  c a l c u l a t i o n s  in Figures  13 and 14 which 
is h igher  than  the values  of  0.33-0.42 found t o  g i v e  a b e t t e r  m a t c h  t o  
t h e  d a t a  i n  the s t i r r e d  r e a c t o r  model f o r  h i g h  f u e l - a i r  r a t i o s  
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described ear l ier  i n  t h i s  s u b s e c t i o n .  
Table 5 presen t s  some d a t a  r e l e v a n t  t o  t h e  NO model c a l c u l a t i o n s  
presented in  Figure 1 2  ( t h e  'IT = 0.35  msec" curve)  and also in  Figure 
13 as curve B.  
X 
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TABLE 5 
Data Relevant t o  a NOx P red ic t ion  Curve 
Eor the  NASA Swirl-Can  Combustor 
Overall  
Fuel-Air 
Ratio 
O.Ol> 
0.025 
0.035 
0 .045 
Pr imary  
Zone 
Fuel-Air 
R a t  i o  
0.0375 
0.0625 
0.0875 
0.1125 
Primary 
Zone 
Residence 
Time 
msec 
0.88  
0 .73  
0 . 7 1  
0.73 
To ta l  
Residence 
T i m e  
msec 
3.99 
3 . 2 4  
2.88 
2.70 
Number of 
Mixing 
I n t e r a c t i o n s  
4 4 1  
440 
439 
438 
N i t r i c  Oxide 
Mass f r a c t i o n  
5.69 x lo-' 
1 . 7 6  x lo-' 
3.09 x 10"' 
4.53  x IO-' 
in le t  t empera ture  = 760 K (907 OF), pressure = 5.8  atm ( 8 5 . 6  p s i a ) ,  
mix ing  in tens i ty  as i n  e q u a t i o n  ( 2 6 ) .  
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4. Operat ing Character is t ics  of  the NASA Combustor In fe r r ed  from NO, Data 
The matching of model p r e d i c t i o n s  t o  measured NO emissions data  
X 
has i d e n t i f i e d  s e v e r a l  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  NASA swirl can 
combustor. These can be compared wi th  the  r equ i r emen t s  ou t l ined  in  
Subsection 2.2 fo r  subs t an t i a l ly  r educ ing  NO, emission levels below 
current  technology values ,  viz .  a fue l  lean  pr imary  zone ,  shor t  
primary zone residence time, s i g n i f i c a n t l y  more uniform fuel-air  nixing 
within the primary zone, and r a p i d  d i l u t i o n  of the primary zone burst  
gases.  
Th i s  ana lys i s  i nd ica t e s  t ha t  t he  ave rage  fue l - a i r  r a t io  in  the  
module  wake, the primary combustion zone, is f u e l  l e a n  f o r  o v e r a l l  
fue l -a i r  ra t ios  IowErthan  about  0.026. A r a t i o  of about 2.5 between 
primary zone and overall  fuel fraction gives a good f i t  t o  t h e  data.  
Thus at  take-of f  condi t ions  for  cur ren t  la rge  engines  (an  overa l l  fue l -  
a i r  r a t i o  of about 0.023) the pr imary zone equivalence rat io  i s  about 
0.87 which i s  c l o s e  t o  t h e  peak NO fo rma t ion  r a t e  i n  F igu res  4 and 5 
for nonuniform mixtures.  Greater entrainment of air  i n t o  t h e  pr imary 
zone than occurs in the current combustor design would--therefore be 
d e s i r a b l e .  
The va lues  of s found necessary to  match the data  (about  0.4) are 
a l s o  n o t  s i g n i f i c a n t l y  b e t t e r  t h a n  is  achieved with current technology 
combustors. A previous  review (3) i n d i c a t e d  t h a t  s va lues  between 0.3 
and 0.7 matched NO amissions data  obtained froh convent ional  combustors . .  
I f   t h e  primary zone i n   t h e  NASA swirl can be  leaned  out  fur ther ,  as 
sugges ted  in  the  prev ious  paragraph ,  then  Figures  3 through 6 i n d i c a t e  
X 
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t h a t   s i g n i f i c a n t l y   b e t t e r  mixing i n   t h e  module wake would improve the NOx 
emission characteristics. 
The primary zone residence t i m e  is 0.7 - 0.9 msec, which is below 
conventional combustor values. Thus, some reduct ion   in  NO emissions 
has been achieved through the use of many modules each with i ts  own 
primary zone. 
X 
A comparison of t he  dashed l ines  in  Figures  13 and 14 with the di lut ion 
zone model predict ions (sol id  l ines)  indicates  that  a t  overall  fuel-air  
r a t i o s  of about 0.025 a s ign i f i can t  pa r t  of the exhaust NO has been formed 
in  the  d i lu t ion  zone, downstream of  the  primary  zone e x i t .  The mixing 
model studies suggest that within about one blockage p l a t e  diameter of the 
primary  zone ex i t  th i s  d i lu t ion  occurs  rap id ly .  However, the mixing in- 
tensity then decays. Increasing the mixing intensity between d i lu t ion  a i r  
and primary  zone ex i t  gases  would further reduce NO emissions. 
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Figure 15. NOx Predictions versus Pressure for a NASA S w i r l -  
Can Module, Baseline Case: s ee  t ex t  fo r  de t a i l s ;  
c i r c l e s  a r e  test  rig data obtained by NASA (16) 
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5.   Parametric  Studies 
Two paramet r ic  s tud ies  are p resen ted  in  th i s  s ec t ion .  The goa l  of t h e  
f i r s t  s t u d y  i s  the  ex t r apo la t ion  of NOx emission index data obtained from 
a combustor test r i g .  I n  p a r t i c u l a r ,  it was d e s i r e d  t o  e x t r a p o l a t e  from 
tes t  r i g  p r e s s u r e s  t o  t h e  h i g h e r  p r e s s u r e s  t y p i c a l  of engine operating con- 
d i t i ons .  Fo r  th i s  s tudy  the  ex te rna l ly  imposed f a c t o r s  were as follows: 
a i r  in l e t  t empera tu re  = 733 K (860 OF), o v e r a l l  f u e l - a i r  r a t i o  = 0.02 
( fo r  ke rosene  fue l ) ,  r e f e rence  ve loc i ty  = 30 m / s  (100 f t / s ) ,  p r e s s u r e  
ranging from 6 t o  25 atm. 
Modelling parameters determined in Subsection 3 . 2  were used as base l ine  
va lues  ( s  = 0 . 4 ,  F /F = 2.5, V = 8 . 7  i n  , f3 = 5000 sec , and T = 0.35 
msec).  Figure  15 shows the  base l ine  p red ic t ions  p lo t t ed  aga ins t  p re s su re ,  
assuming tha t  the  model l ing  parameters  a re  not  func t ions  of pressure.  The cir- 
cles i n  t h i s  f i g u r e  are tes t  r i g  measurements obtained by NASA. The predic t ions  
are i n  c l o s e  agreement  with the data  in  both absolute  level  and pressure  
trend  over  the  range of avai lable  data .  This  gives  some c r e d i b i l i t y  t o  
the  p red ic t ions  a t  the  h igh  pressures .  The NOx predic t ions  do not  l i e  along 
a s t r a i g h t  l i n e  i n  t h i s  log-log plot  against  pressure.  The curve is almost 
linear a t  low pressures ,  bu t  the  s lope  decreases  a t  h igher  pressures  due  to  
the increasing importance of NO-consuming r eac t ions  as equi l ibr ium is  
approached. For t he  cond i t ions  pe r t a in ing  to  th i s  base l ine  cond i t ion ,  t he  
pressure dependency of the emission index can be expressed as p Oa5’ between 
6 and 10 a t m ,  dec reas ing  to  p 0 * 4 8  between 15 and 25 a t m .  These are com- 
pa rab le  to  the  s imple  p1’2 dependency o f t en  quo ted  in  the  l i t e r a tu re ,  e .g . ,  
3 -1 
P P O  P 0 d 
46 
Heywood and  Mikus ( 3 ) .  The p1l2 dependency is based upon a cons tan t  
NASA has experimented with many different  swir l -can geometr ies  (16);  
NO emissions pressure dependency has ranged from p t o  p . One 
ob jec t ive  of th i s  paramet r ic  s tudy  w a s  t o  see i f  modest v a r i a t i o n s  of 
the parameter values would significantly change the pressure dependency 
of t h e  NO pred ic t ions .  
0.13  0.79 
X 
X 
I n  o r d e r  t o  test t h e  s e n s i t i v i t y  of t he  NO, p r e d i c t i o n s  t o  v a r i -  
a t ions  in  the  model l ing  parameters  for  th i s  type  of  ex t rapola t ion ,  each  
of the  f ive  parameters  was v a r i e d  o n e  a t a t i m e .  The r e su l t i ng  p red ic t ions  
are shown in  F igu re  16 .  Curves have been drawn for the case of  modelling 
parameters  which do not  change with pressure.  The e f f e c t  of  parameters 
which do change with pressure w i l l  be  d i scussed  l a t e r .  
Figure 16a shows t h a t  t h e  p r e d i c t i o n s  are r a t h e r  i n s e n s i t i v e  t o  
small variat ion in  the pr imary zone mixing parameter  s f o r  t h i s  p a r t i c u -  
l a r  basel ine.  This  i s  due t o  t h e  mean equivalence rat io  (0 .75)  of t h e  
primary zone which r e s u l t s  f rom values  of  the overal l  fuel-air  ra t io  (0 .02)  
and the  primary  zone  enrichment  parameter  (2.5). A s  can be seen in 
Figures  3-6, i n  t h e  v i c i n i t y  o f  $ = 0.75 , t h e  NO fo rma t ion  r a t e  i s  reason- 
a b l y  i n s e n s i t i v e  t o  s . Note t h a t  t h e r e  would  be a g r e a t  s e n s i t i v i t y  a t  
Q = 0.5, for example, which would be the case for  combustor  operat ion a t  
an  overa l l  fue l -a i r  ra t io  of  0 .013 .  
P 
X 
P - 
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Figure 16b shows t h e  s e n s i t i v i t y  of  model l ing  predic t ion  to  var ia t ion  
i n  primary  zone  enrichment  factor.  For  the case be ing  ca lcu la ted ,  the  
va lues  Fp/Fo = 2.75, 2.5, and  2.25 correspond t o  primary zone equiva- 
l e n c e   r a t i o s  $ = 0.83,  0.75,  and  0.67,  respectively.  Referring 
P 
I 
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Figure 16. NO, Pred ic t ions  versus  Pressure  for  
a NASA Swirl-Can Module, Parametric 
Study; see text f o r  d e t a i l s  m i d d l e  
curve  of  each  t r io  i s  base l ine  case 
(Figure 15) 
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again  to  F igures  3 through 6, f o r  s = 0.4 the prinary zone NOx formation 
P 
rate is a very weak function of (p . However, i n  t h e  d i l u t i o n  zone t h e  
leaner mixtures w i l l  be more readi ly  "quenched" to  neg l ig ib ly  small NO 
formation rates. This  expla ins  the  sens i t iv i ty  to  pr imary  zone enrich- 
ment factor apparent in Figure 16b. 
P 
X 
Sens i t iv i ty  of  the  NOx predictions to primary zone volume i s  pre- 
sented  in  Figure  16c.  As noted in  Subsection 3.2, V is proportional 
t o  t h e  p r i m r y  zone residence time, and primary  zone NO is nea r ly  l i nea r  
w i t h  t h i s  time. However, f o r  t h e  case under consideration, significant 
P 
Y 
NOx is  formed i n   t h e   d i l u t i o n  zone;  independent  of V Thus, t he  
ove ra l l  dependency  of NO on V is less than  l inear .   This  dependency 
is s l i g h t l y  weaker a t  high pressures,  since NO comes c loser  to  equi l ibr ium 
l eve l s .  
P' 
X P 
Figures 16d and e demonstrate the effects of vary ing  d i lu t ion  zone 
parameters. For a fixed mixing decay time T~ = 0.35 msec, higher values 
of t h e   i n i t i a l  mixing intensi ty  represent  earlier,  more complete mixing. 
Since the current case has a lean primary zone, t h i s  mixing simply leans 
out  he  primary  zone  products,  thus  quenching NO formation.  This  in- 
fluence of B is shown quantitatively  in  Figure  16d. The parameter T 
has a similar but less marked e f f e c t .  For a fixed Bo = 5000 sec , higher 
values of T represent more complete  mixing. However, f o r  a given  degree 
of mixing, t he  mixing does not occur as e a r l y  as i t  d id  for  h igher  va- 
l u e s  of Bo. Figure  16e  presentes  the NO pred ic t ions  for  a range of 
Td 
X 
0 d 
-1 
d 
X 
None of the  curves  in  F igure  16  exhib i t  a NOx predict ion pressure 
dependency which is  not iceably  d i f fe ren t  from the  base l ine  case. There- 
- . . . . . . . . ." ." 
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fore,  experimentally  observed  pressure  dependencies  which  differ  signifi- 
cantly  from  the  trend  of  the  baseline  case  must  be  explained in terms  of 
pressure-dependent  modelling  parameters. 
The  effects of mudelling  parameters  which  vary  with  pressure  can 
be  assessed as in  the  following  example.  In  Figure  16c,  imagine  a  line 
drawn  from  low  pressure  end of the V = 10.4 in  curve,  to  the  high 3 
P 
pressure  end  of  the V = 7.2 in curve. This would  correspond to a 
primary  zone  whose  volume  decreases  by  31  percent  as  the  operating  pres- 
3 
P 
sure  increases  by  a  factor  of 5. The  slope  of  that  imaginary  line  would 
be  0.41,  implying  a  pressure  dependency  of p 41 for  the  NOx  emissions. 
In this  way,  a  range  of  pressure  dependency  exponents  can  be  explained 
in  terms  of  modelling  parameters  which  vary  with  pressure.  Current 
understanding  of  the  five  modelling  parameters  is  insufficient  to  allow 
calculation  of  how  they  might  change  with  combustor  operating  conditions. 
The  second  parametric  study  examined  operation  of  the NASA swirl- 
can  combustor  at  conditions  typical  of  state-of-the-art  jet  engines. 
The  modelling  parameters  were  investigated  with  the  goal  of  improving 
the  predicted  NOx  emission  index. In this  case  the  externally  imposed 
factors  were:  air  inlet  temperature = 775 K (935 OF), pressure = 2 3  atm, 
overall  fuel-air  ratio = 0.023  (kerosene  fuel  again),  and  reference 
velocity = 18 m/s (60 ft/s). 
Once  again,  modelling  parameter  values  from  Subsection 3 . 2  were
used  as  a  baseline.  The  baseline  emission  index  prediction  is  38  g 
N02/kg  fuel.  This is comparable  to  measured  values  for  conventional , 
combustors.  The  emission  index  should  be  decreased  to  approximately 
10 g/kg  fuel in order  to  meet  proposed  emission  standards. It 
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was n o t  p o s s i b l e  t o  p r e d i c t  a n  e m i s s i o n  i n d e x  less than  10  by  r easonab le  
v a r i z t i o n s  of a s ingle  model ing parameter  from t h e  b a s e l i n e  case. 
The modeling para-,.?ters were t h e r e f o r e  v a r i e d  in p a i r s  i n  o r d e r  to 
explore  and  take  advantage  of t h e i r  i n t e r a c t i o n s .  R e s u l t s  are presented  
i n  Figures  17  through 20. For reference,  the basel ine pr imary zone 
e q u i v a l e n c e  r a t i o  0 = 0.87. 
P 
F igure  17  presents  emiss ion  index  predic t ions  for  ranges  of s and 
P 
2,. a s  can  be  seen  in  F igu re  5, the   p r inary   zone  EO should  decrease 
wi th  inc reas ing  s - and due to  the lean pr imary zone,  more intense mixing 
w i l l  s imply  quench  the NOx r e a c t i o n s  f a s t e r .  S i m i l a r  r e s u l t s  f o r  r a n g e s  
of s and Td a r e  shown i n  F i g u r e  18. However, n e i t h e r  o f  t h e s e  p a i r s  
of var ied  parameters  pred ic ted  an  emiss ion  index  s igni f icant ly  be low 
20. A t  t h i s  mean pr imary  zone  equiva lence  ra t io ,  s imply  char rghg  
mixing rates is no t  t he  answer  to  s ign i f i can t ly  lower  NO en i s s ions .  
X 
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The effects of V and F /F f o r  t h e  c u r r e n t  case are p r e s e n t e d  i n  
P P O  
Figure   19 .   Pr imary   zone   enr ichnent   fac tors  F /F = 1.5,  2.0, 2 . 5 ,  
and 3.0 cor respond to  5 = 0.51, 0.69, 0.87,  and  1.05,  respectively.  
Again r e f e r r i n g   t o   F i g u r e   5 ,   f o r  s = 0.4 the   pr imary  zone NO f o r n a t i o n  
ra tes  are roughly   equal   for  = 0.87  and 0.69, somewhat lower   for  
P O  
P 
P X 
P - 
$P 
= 1.05, and  approximately a f ac to r   o f  2 lower   for  = 0.51. Th i s  
P 
re la t ive ranking is  observed in  Figure 19  a t  the  h igh  end  of  the  V 
s c a l e ,  where long primary zone residence times overshadow dilution zone 
proce&ses.  For  low values  of  V t h e  d i l u t i o n  z o n e  h a s  a h i g h e r  i d a t i v e  
s ign i f i cance .  The r i c h  p r h a r y  zone  corresponding  to  F /F = 3.0 con- 
t i n u e s  t o  form NC) well i n t o  t h e  d i l u t i o n  p r e c e s s ,  t h u s  o v e r t a k i n g  t h e  
l a n e r  primary  zcne  predictions.   Varying  only V and F /F emission 
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Figure 17 .  NO, P red ic t ions  ve r sus  In i t i a l  Mixing 
In t ens i ty  fo r  Various Values of Pri- 
mary  Zone Nonuniformity, Typical Engine 
Conditions; see t ex t  €o r  de t a i l s  
Figure 18. NOx Predictions  VersusMixing 
In tens i ty  Decay Time  for Various 
Values of Primary Zone Nonuniformity, 
Typical Engine Conditions; see text 
f o r   d e t a i l s  
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indices lower than 10 are achieved only for very lean, small primary 
zones. Unfortunately, this combination is l ikely to  produce an 
unacceptable level of CO due t o  incomplete combustion (not included 
i n  t h i s  modeling e f f o r t ) .  Thus, var i a t ions  which  do not consider mixing 
are a l s o  n o t  t h e  answer t o  low NO i n  t h i s  case. 
X 
More promising predictions are presented in Figure 20, where s 
and F /F are varied.  These results are fundamentally similar to  Figure 
5,  but  include the effects  of  f ini te  res idence time and a d i lu t ion  pro- 
cess. An emission index lower than 1 0  is  p red ic t ed  in  th i s  case f o r  a 
lean, well-mixed primary  zone,  e.g. F f F  4 1.75 (F 2 G.60) fo r  s=0.2. 
P 
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t 
Figure 19.  NO, Predictions  versus Primary Zone 
Volume for Various Values of Primary 
Zone Enrichment Factor, Typical 
Engine Conditions; see text for 
d e t a i l s  
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6. A i r  Flow Streamline  Calculat ions 
A s  a f i r s t  c u t  i n  u n d e r s t a n d i n g  t h e  f l o w  f i e l d  downstream of the  
NASA swirl-can modules,  an existing finite-difference computer program 
w a s  adapted. This program was TEACH-T developed by Spalding e t  al, (17),  
which ca lcu la tes  s teady ,  non-swir l ing ,  rec i rcu la t ing ,  axisymmetric, tur-  
bu len t  f l ow f i e lds .  The boundary conditions were set up a s  diagrammed 
i n  F i g u r e  21: a cy l inder  wi th  c ross -sec t iona l  area e q u a l  t o  t h e  l i n e r  
area per  module a t  the  b lockage  p la te  p lane  of  the  fu l l  NASA combustor; 
ze ro  ve loc i ty  a t  t h e  walls; a t  t he  b lockage  p l a t e  p l ane  no flow a t  
swirler hub r ad i i ,  un i fo rm ax ia l  f l ow a t  swirler vane  r ad i i ,  no flow 
a t  b lockage  p l a t e  r ad i i  and uniform axial flow a t   r a d i i  between the  
blockage plate and the  cy l inder  wal l ;  zero  pressure  grad ien t  4.5 dia-  
meters downstream of the blockage plate;  and 19 present  of  the mass flow 
passing  through  the swirler (see Subsection 9 . 2 ) .  Within  the  flow 
f i e l d  gas prope r t i e s  were taken  to  be  those  of ambient a i r .  
Figure 22 is a s t r eaml ine  p lo t  de r ived  from the computer calculation 
f o r  38 m / s  (124 f t / s )  mean a x i a l  v e l o c i t y .  The flow is from l e f t  t o  
r i g h t .  The s t reamlines   toward  the  top  of   this   f igure  represent   the 
a n n u l a r j c t i s s u i n g  from t h e  gap between the blockage plate  and t h e  
cy l inder  wall. Four streamlines can be seen emerging from the 
swirler; they move rapidly outward, s o  t h a t  t h e  a n g u l a r  v e l o c i t y  of 
t h i s  f l o w  i n  t h e  real  system would b e  l o s t  q u i t e  e a r l y .  The swirler 
s t r e a m l i n e  c l o s e s t  t o  t h e  axis of  symmetry (bottom of the figure) is  
the  contour  of zero stream funct ion ,  and thus  ou t l ines  the  mean recir- 
c u l a t i o n  zone.  This  zone  extends  about 1.8 blockage p l a t e  diameters down- 
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Figure 20. 
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NO, Predictions  versus  Primary  Zone 
Nonuniformity for  Various  Values of 
Primary  Zone  Enrichment  Factor, 
Typical Engine  Conditions; see text 
for details. 
Figure 21. Schematic of Boundary Conditions 
for  Numerical Flow Calculations. 
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stream and about 13% of t h e  t o t a l  f l o w  is i n v o l v e d  i n  r e c i r c u l a t i o n .  
It  must be noted t h a t  t h e s e  are t h e  mean s t r eaml ines  ca l cu la t ed  fo r  
t h i s  t u r b u l e n t  f l o w  f i e l d ;  t h e y  do no t  show t h e  t u r b u l e n t  mass t r a n s f e r  
which crosses such streamlines.  
S t reaml ine  ca lcu la t ions  were a l so  performed f o r  9 m / s  (31 f t / s )  
axial  v e l o c i t y ,  w i t h  v i r t u a l l y  no change i n  the  s t r eaml ine  pa t t e rn .  
This  represents  a range of Reynolds numbers of 35,000 t o  140,000, based 
on blockage plate diameter.  From these  ca l cu la t ions  i t  fo l lows  tha t  t he  
s i z e  of t h e  module wake primary zone, and the fraction of t h e  a i r  which 
passes through i t  are weak functions of combustor operating conditions. 
This  supports  the  choice  of V and F / F  as primary  zone  parameters 
which are f ixed  fo r  a given  combustor  geometry. I n  add i t ion ,  t he  
value chosen for  V ( 8 . 7  i n  ) is of t he  r igh t  o rde r .  
P P O  
3 
P 
r i g u r e  22. Streamline  Plot  of Calculated Flow 
F i e l d ;  flow i s  from top to  bot tom, 
with symmetry a x i s  a t  l e f t  s i d e  
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7. Calculation  of  Fuel  Droplet  Evaporation 
As argued  in  Subsection 2.2, the  air  flow  pattern  and  early  fuel 
processes  are of fundamental  importance  for  determining NO formation. 
Section 6 dealt  with  the  calculation  of  air  flow;  this  section  will 
address  the  fuel  processes. 
X 
As will  be  seen  in  Subsection 8 . 2 ,  fuel  droplets  are  formed  by 
the  breakup of sheets  and  ligaments  associated  with  the  swirler  vanes 
The  maximum  stable  droplet  size  may  be  calculated  as  suggested by 
Prandtl (18, p. 326) 
where U is  the  fuel's  surface  tension, p is  the  air  density,  and  v 
is  the  relative  velocity  between  fuel  and  air.  This  equation  will  be 
verified  in  Subsection 8 . 2 .  For a  given  fuel a is  a  function  of 
temperature, so it  is  necessary  to  know  the  temperature  of  the  fuel 
droplet;  this  was  assumed  to  be  the  wet  bulb  temperature,  or 0.99
times  the  absolute  boiling  temperature,  whichever  was  lower.  The 
quantity  pv2  was  calculated  for  inlet  conditions  using  the  open  area 
at  the  plane of the  blockage  plate. 
A computer  program  was  written  to  calculate  the  evaporative 
flight  of  a  fuel  droplet.  Komiyama (19, Appendix 3) described  a 
similar  program.  Stagnant  droplet  evaporation  rates  based  upon 
Goldsmith  and  Penner (20) were  corrected  for  forced  convection 
I -  
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fol lowlng Ranz and Marshall  (21) .  Droplet  acceleraticr. f rom ZTI 
i n i t i a l  state of rest w a s  ca l cu la t ed  us ing  the  s t anda rd  d rag  equa t ion  
f o r  a sphe re ,  co r rec t ed  fo r  evapora t ion  e f f ec t s  acco rd ing  to  
Spalding (22). Calcu la t ions  were conducted f o r  p r o j e c t e d  i d l e  and 
maximum cruise power condi t ions;  evaporat ion would b e  somewhat f a s t e r  
a t  take-off. Cond i t ions  fo r  t he  gas  su r round ing  the f u e l  d r o p l e t s  
were t a k e n  t o  b e  a l t e r n a t e l y  i n l e t  c o n d i t i o n s  a n d  combustor exhaust 
condi t ions .  Even the l a t t e r  assumption is ra ther  conserva t ive  s ince  
it is  f a r  below the combust ion temperatures  expected in  the f lame 
zone .   Table   6 (a)   p resents   the   resu l t s   o f   these   ca lcu la t ions .  The 
h igher  gas temperature assumptions predict  essentially complete 
e v a p o r a t i o n  i n  less than  0.1 module diameter, even a t  i d l e .  This 
supports the assumption of instantaneous evaporation which was made 
i n  t h e  NO model.  Note,  however, t h a t  a t  i d l e  a f u e l  d r o p l e t  would 
e v a p o r a t e  r e l a t i v e l y  s l o w l y  i n  r e g i o n s  n o t  h e a t e d  by combustion 
X 
products .  
Similar c a l c u l a t i o n s  were done for an ambient pressure and 
temperature simulation which w i l l  be  desc r ibed  in  subsec t ion  10.2.  
These r e s u l t s  are shown in  Table  6(b) .  It w a s  hoped that  pentane,  
which has a normal  boi l ing point  of  309 K, would b e  s u f f i c i e n t l y  
vo la t i l e  t o  s imula t e  the  evapora t ion  o f  ke rosene  a t  t h e  h i g h e r  
temperatures  to  which it  would b e  exposed in  an engine 's  combustor .  
However, due t o  lower gas  densi ty  and somewhat h ighe r  su r face  t ens ion ,  
t h e  p e n t a n e  d r o p l e t s  are s i g n i f i c a n t l y  l a r g e r  [see equat ion (27)l. 
For a nominal gas temperature of 1000 K, the  pentane  requi res  more than 
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one module diameter to  evaporate,  even  at  simulated cruise conditions. 
This explains the experimental difficulties which will be discussed 
in subsection 10.2. 
TABLE 6 
Fuel Droplet Evaporation Parameters and Calculated Results for Engine 
Conditions and a Simulation 
pressure, a m  
gas temperature, K 
fuel temperature, K 
gas velocity, m/sec 
initial drop  size, v 
99% evap.  time, msec 
distance, module d's 
Ca) kerosene fuel 
estimated 
idle cruise -
4.2  13.2 
482 1005 763 
441 524  580 
49 49 62 
21 13 22 
5.95 0.16 0.56 
4.99  0.07  0.52 
1533 
617 
62 
11 
0.04 
0.01 
(b) pentane fuel 
simulated 
idle  cruise -
1 1 
1000 1000 
306 306 
49 64 
75 43 
5.3 1.9 
2.3  .1 
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8. Flow  Visualization  Experiments 
8.1 Flow hardware 
A program  of  flow  visualization  experiments  was  undertaken  in 
order  to  obtain a better  qualitative  understanding  of  the  flow  field 
in  the NASA swirl-can  combustor. A stainless  steel  blockage  plate 
was made  with  area  equal  to  the  average  area  of  the 120 blockage 
plates  in  the  full NASA combustor.  This  plate  was  silver  soldered  to 
a standard  swirler. A plexiglass  can  body  was  fashioned  and  pressed 
onto  the  swirler.  This  assembly  was  mounted  by  two  struts,  centered 
in  and  flush  with  the  downstream  face  of a thick  plexiglass  flange 
whose  open  area  was  equal  to  the  liner  area  per  module  in  the  full 
NASA combustor.  The  flange  was  bolted to the  downstream  end  of a 
slightly  larger  plexiglass  tube. A fuel  tube  was  fashioned  such 
that  it  terminated 1/8 inch  upstream  of  the  swirler  with a 3/16 inch 
tube  having  an 0.052 inch  orifice at the  end;  this  tube  could  be 
aimed  at  any  part  of  the  swirler  during  the  experiments.  Details 
of the  visualization  test  section  are  shown  in  Figure 23. 
Air was  supplied  to  this  test  section  from a 200 cfm  conpressor 
through a pressure  regulator,  throttling  valve, ASME orifice  rig, 
flow  straightener,  and 20 diameters of straight  pipe.  The  test 
section  generally  discharged  directly  into  the  room,  and  ambient 
condition  prevailed  at  the  module.  The  air  flow  rate  was  controlled 
so that  reference  velocities  could  match  those  of  the  full NASA 
combustor.  Reynolds  numbers  based on  blockage  plate  diameter  were 
of order 10 . 5 
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:: . n i o  112'751 
di rnenslons  in   inches 
F i g u r e  23. Diagram of V i s u a l i z a t i o n  T e s t  S e c t i o n  
f l o w  i s  f r o m  t o p  t o  b o t t o m  
F i g u r e  24 .  Helium-fi l led  Soap  Bubble  Traces i n  
Module Wake; mean f l o w  is  f rom top  
to  bo t tom;  bubb les  are i n j e c t e d  a t  
t i p  o f  r e c i r c u l a t i o n  z o n e  
. - . . . . . . - . . " ." . 
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8.2 Techniques  and  Results 
The s i z e   o f   t h e   r e c i r c u l a t i n g  wake downstream of t h e  module 
w a s  determined by probing with a wool t u f t .  P rob ing  a long  the  axis 
Of t h e  f l o w  f i e l d ,  a length of  1.0 module diameter w a s  observed; 
t h i s  i n c r e a s e d  t o  1.8 diameters  when a conf in ing  tube  sec t ion  w a s  
added downstream of t h e  module; no Reynolds number e f f e c t  w a s  observed. 
These r e s u l t s  q u a n t i t a t i v e l y  c o n f i r m  r e s u l t s  o f  t h e  f l o w  c a l c u l a t i o n s  
p re sen ted  in  Sec t ion  6;  t hey  a l so  suppor t  t he  va lue  chosen  fo r  t he  
primary zone volume i n  S b s e c t i o n  3 . 2 ,  as well  a s  t he  a s sumpt ion  tha t  
V is a weak funct ion  of   operat ing  condi t ions.  The  remainder  of t h e  
exper iments  descr ibed  in  th i s  subsec t ion  were conducted without 
the downstrean confining tube mentioned above,  to  a l low easy 
photographic access.  The s i z e  o f  t h e  module wake reg ion  w a s  a f f e c t e d  
by th i s  omiss ion ,  as descr ibed above,  but  the f low w a s  expected to  
remain  qua l i ta t ive ly  the  same. 
P 
A smoke genera tor  w a s  connec ted  to  the  fue l  t ube  to  v i sua l i ze  
the f low of  a gaseous fuel .  Running t h e  t es t  s e c t i o n  a t  less than 
about one tenth nominal a i r  f low,  the  smoke dens i ty  was s u f f i c i e n t  
t o  see a c l ea r ly  de f ined  module wake "bubble" wi th  smoke d i s t r i b u t e d  
ra ther  evenly  throughout .  Downstream of t h i s  b u b b l e  t h e  smoke w a s  
considerably less dense. These re su l t s  suppor t  t he  a s sumpt ion  of a 
s t i r red-reactor  pr i rnary zone which operates  considerably r icher  than 
t h e  o v e r a l l  f u e l - a i r  r a t i o ,  as proposed i n  Subsection 2.2. 
An alternative t e c h n i q u e  f o r  v i s u a l i z i n g  s t r e a k l i n e s  i n  t h e  f l o w  
is the addition of helium-fil led soap bubbles.  A Sage Action Inc. 
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Model 3 bubble  generator  w a s  used i n  a se tup  which p a r a l l e l e d  t h e  
smoke v i s u a l i z a t i o n .  The s i z e  of  these bubbles  could be adjusted 
such  tha t  t hey  were neu t r a l ly  buoyan t  i n  a i r ,  thereby  fo l lowing  the  
air f low pa t te rns  wi th  no i n e r t i a l  effects;  t h i s   s i z e  was approxinately 
0.1 inch,  less than 0.05 module  diameter.   Unfortunately,   these 
bubbles  burs t  ra ther  than  f low through the  swirler vanes ,  due  to  the  
narrow passage and high shear.  Therefore,  bubbles were introduced 
i n t o  t h e  module wake reg ion  e i ther  a long  the  outer  edge  or ,  as shown 
i n  F i g u r e  24, a t  t h e  downstream t i p  a l o n g  t h e  axis. The mean air  
f l o w  i n  t h i s  f i g u r e  is  from top to bottom a t  about one f i f t h  nominal 
f low rate. Exposure time was 1/50 second, about one residence time, 
with forward scatter l i g h t i n g  s u c h  t h a t  a bubble is  seen as two 
f l a r e s  s e p a r a t e d  by one  bubble  d iameter .  In  th i s  p ic ture ,  the  
bubbles are seen t o  travel "upstream"  toward t h e  swirler, then 
undergo looping motions indicat ive of  the recirculat ion pat tern,  
becoming involved in  t ight  eddying motions along the way. To fol low 
the bubble motions,  high speed motion pictures a t  5,000 frames per 
second were a lso  taken .  Pro jec ted  a t  16  frames  per  second,  these 
movies show a module wake region ful l  of  bubbles  " lazi ly"  wandering 
around. There does  not  appear  to  be  any  organized  f low pa t te rn  except  
f o r  a tendency t o  move toward t h e  swirler when a bubble is n e a r  t h e  
axis, and away from t h e  swirler when near  the  outer  edge  cf t h e  
module wake region. One i s  reminded  of a random-waik process.   There 
is never a coherent motion of a s i g n i f i c a n t  number of bubbles, or any 
evidence of l a r g e  eddy  shedding. When viewing  the  experiment 
6 3  
d i r e c t l y ,  t h e  e y e  i n t e g r a t e s  t h e s e  m o t i o n s  i n t o  a v i b r a t i n g  t o r o i d a l  
vortex.   This   hel ium-fi l led  soap  bubble   experiment   gives   addi t ional  
suppor t  to  t rea t ing  the  pr imary  zone  as a s t i r r e d  r e a c t o r .  
To v i s u a l i z e  t h e  f u e l  d r o p l e t  p r o c e s s e s  i n  t h e  extreme l i m i t  o f  
a nonevaporat ing fuel ,  a set of experiments w a s  conducted i n  which 
water was in t roduced  through the  fue l  tube .  F igure  25 is a 1/20 
second exposure a t  about one half nominal a i r  f low ra t e ,  w i th  a 
w a t e r - a i r  r a t i o  of 0.027 (comparable t o  t h e  t a k e - o f f  f u e l - a i r  r a t i o  
of an engine) .  The a i r  flow is  from r i g h t  t o  l e f t .  One can see t h e  
water drops coming out  of t h e  swirler and flowing outward as they move 
downstream; t h e  d e t a i l s  are out of focus except near the bottom of t h e  
p i c tu re .  These drople t s  appear  to  be  fo l lowing  an  a i r  f low pa t te rn  
similar t o  t h e  s t r e a m l i n e s  p r e d i c t e d  i n  S e c t i o n  6. Note,  however, 
t h a t  t h e  d r o p l e t s  do not turn back inward 2s those  s t reaml ines  
would p red ic t .  Apparen t ly ,  t he  ine r t i a  o f  t he  water d r o p l e t s  carries 
them ac ross  the  a i r  s t r e a m l i n e s  i n t o  t h e  a n n u l a r  a i r  j e t  which comes 
around the blockage plate.  This j e t  s h a t t e r s  t h e  d r o p l e t s  down t o  
a smaller s i z e  which is d i f f i cu l t  t o  fo l low pho tograph ica l ly .  These  
d rop le t  p rocesses  were confirmed by stroboscopic pictures using a 
3 microsecond flash,  and a l so  wi th  mot ion  p ic tures  taken  a t  5,000 
frames per second. The movies  enable  one  to  fo l low indiv idua l  
droplets from frame to frame as they go through the  processes  descr ibed  
above. The process  by  which t h e  d r o p l e t s  are formed  coming ou t  o f  t he  
swirler w a s  s tud ied  by  s t roboscopic  c lose-up  p ic tures  such  as 
Figure  26, taken a t  nominal a i r  flow and a water-air r a t i o  of 0.035. 
Figu 
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f s
re  25. S t r eak l ines  of Water Droplets  in 
Module Wake; flow is from r i g h t  
t o  l e f t ;  water is injected behind 
swirler. 
F i g u r e  26. Closeup  of Water Emerging  from 
Swir ler ;  water is injected behind 
swirler a t  c e n t e r  of  hub .  
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Here can be seen sheets  of  water on t h e  swirler vanes ,  l igmer l t s  
b e i n g  t o m  o f f ,  a n d  d r o p l e t s  i n  v a r i o u s  s t a g e s  of development. 
* A l l  o f  t h e  water experiments thus far descr ibed were photographed 
us ing  fo rward  sca t t e r  l i gh t ing .  It i s  d i f f i c u l t  t o  o b t a i n  q u a n t i t a t i v 2  
informat ion  about  drople t  s izes  from t h i s  method because of t h e  l e n s - l i k e  
behavior of t h e  water drops. So a series of shadowgraph pictures 
were t aken  by  l i n ing  up  the  s t robe  l i gh t ,  a F r e s n e l  l e n s ,  t h e  f i e l d  
o f  d rop le t s ,  and t h e  camera a long  the  same o p t i c a l  axis. S imi la r  
techniques have been described by Frazer and Dombrowski ( 2 3 ) .  
Figure 27 is a shadowgraph p i c t u r e  t a k e n  p a r a l l e l  t o  t h e  b l o c h g e  
p l a t e  a t  nominal a i r  f low with a w a t e r - a i r  r a t i o  of 0.039. A i r  
f low is f rom top  to  bot tom,  and  only  the  le f t  s ide  of  the  f low f ie ld  
is shown. Measurements  from  photos  such as th i s  one  demons t r a t e  t he  
e f f e c t  of re ference  ve loc i ty  on  drople t  s ize .  Data are p resen ted  in  
Table 7 ,  a long  wi th  pred ic t ions  fo l lowing  Prandt l ,  equa t ion  (27 ) ,  
and Wigg ( 2 4 ) .  The Prandt l  equat ion  apparent ly  pred ic t s  an  
in t e rmed ia t e  d rop le t  s i ze ,  and w a s  therefore  used  to  estimate i n i t i a l  
d r o p l e t  s i z e s  f o r  t h e  e v a p o r a t i o n  c a l c u l a t i o n s  p r e s e n t e d  i n  s e c t i o n  7 .  
The Wigg c o r r e l a t i o n  is i n  poor agreement with measured droplet sizes, 
having been developed for more conven t iona l  fue l  i n j ec to r s .  
A f i n a l  set of v isua l iza t ion  exper iments  were car r ied  out  under  
burning condi t ions.  For  these,  the downstream face of  the plexiglass  
f l a n g e   i n  which t h e  module w a s  mounted needed to  be  insu la ted  f rom 
the combustion. A 1 / 4  i n c h  t h i c k  t r a n s i t e  s h e e t  w a s  fashioned with 
a ho le  to match the  p l ex ig l a s s  f l ange  ho le .  The assanbly w a s  
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F i g u r e  27. Shadowgraph of Water D r o p l e t s   i n  
Module Wake; f l o w  i s  f rom top to 
bottom; only left s i d e  of f l o w  
f i e l d  i s  shown 
TABLE 7 
Measured  and  Predicted  Droplet  Sizes 
air  refe ence  v locity,  m/sec 13.5 1 9 . 2  38.4 
representative  drop  measurements, I.I
near  swirler 
far  downstream 
predicted  drop  sizes, I.I 
Prandtl,  equation ( 2 7 )  
wigg ( 2 4 )  
850 470 90 
240 120 mist 
440 219  54 
82 58 29 
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mounted on top of a n  e x i s t i n g  v e r t i c a l  chimney more than one foot  
Square in internal dimensions.  Burning experiments were conducted 
Using Propane (gas) and pentane (l iquid) fuels,  a t  r e fe rence  
V e l o c i t i e s  and e q u i v a l e n c e  r a t i o s  t y p i c a l  of take-off and i d l e  
condi t ions.  Figure 28 shows the  combustion  of  propane a t  an 
equiva lence  ra t io  of  0.21 (approximate ly  id le ) ,  for  a r e fe rence  
ve loc i ty  abou t  40% of  id le  condi t ions .  The exposure time was 1/50 
second, using i l lumination from the flame only. Flow is again from top 
t o  bottom. A roughly annular luminous region can be seen extending 
from t h e  swirler about  one  module diameter downstream. It is a b lue  
flame.  Behind the flame are two l igh t  bands  wi th  a dark band  between 
them, these  are the edge of t h e  h o l e  i n  t h e  t r a n s i t e  s h e e t  which 
p r o t e c t s  t h e  p l e x i g l a s s  f l a n g e ,  and de f ines  the  ou te r  l imi t  o f  t he  
annular air  j e t .  The v i s ib l e  f l ame  was similar fo r  h ighe r  r e fe rence  
v e l o c i t i e s ,  becoming longer when opera t ing  r icher .  The burning  of 
pentane did not  vis ibly differ  f rom the propane resul ts  descr ibed 
above, except that a t  low a i r  flow rates a f l icker ing  ye l low f lame 
could be seen near the burner axis,  immediately downstream of t h e  
swirler. This  secondary  flame w a s  a t t r i b u t e d  t o  t h e  l a r g e  d r o p l e t s  
of pentane which can exist a t  low a i r  v e l o c i t i e s  [see equation (2711. 
However, even under simulated take-off conditions , with  (#I 2 0.4 some 
pentane droplets did escape from the combustion zone. These d r o p l e t s  
were made v i s i b l e  by t h e  two stroboscopic techniques described above, 
shadowgraph  and  forward scatter l i g h t i n g .  An example  of t h e  latter 
method is presented as Figure 29,  which shows t h e  r i g h t  s i d e  of a 
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Figure 28.  Combustion of Propane i n  Module  Wake; 
overal l  equivalence rat io  = 0.21;  
flow is  from top to  bottom, fue l  is 
in jec ted  behind swirler 
Figure 29.  Combustion of  Pentane i n  Module Wake 
with Droplets Escaping; overall 
equivalence ratio = 0.41; flow is  
from top t o  bottom, fuel is  in jec ted  
behind swirler; droplets illuminated 
by s t robe  l i gh t  
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top  to  bottom f low f ie ld .  The l ens  open t ime  fo r  t h i s  p i c tu re  w a s  
1/200 second, forming an image of the blue flame a t  t h e  r i g h t  s i d e  
where the annulus is  tangent  to  the  l ine  of sight, thus producing 
the g r e a t e s t  i n t e n s i t y  of l i g h t .  While the l ens  w a s  open, a 3 
microsecond flash i l luminated the pentane droplets,  freezing their  
motion. Although it  seems t h a t  a s ign i f i can t  amount of f u e l  might 
be escaping combustion, in the full  NASA combustor there  would be 
an adjacent module wake to assist in  the burning of these s t ray 
droplets ;  in  addi t ion,  droplets  would vaporize much more readi ly  i n  
t h e  f u l l  NASA combustor, as demonstrated i n  Section 7 .  
The visualization experiments quali tatively confirmed many of 
the simplifying assumptions about the flow field which were made i n  
Subsection 3 . 2 .  
A 
1 
J 
dimensions in inches 
Figure 30. Diagram of  Test  Section f o r  Cold 
Flow Tracer Experiments; f l o w  i s  
from l e f t  t o  r i g h t  
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9. Nonburning  Tracer  Measurements 
9.1 Flow  hardware  and  sample  probe 
Quantitative  data  abo.ut  the  flow in the NASA combustor  was 
obtained  by  taking  pressure  measurements  and  cold  flow  tracer  gas 
samples  from  a  single-module  test  section,  shown  in  Figure 30. The 
flow  areas  of  the  axisymmetric  test  section  are  an  idealization  of 
the  flow  areas  existing  in  the  full  annular  combustor  liner,  divided 
by the  number  of  modules.  Thus,  there  is  a  constant  diameter  section 
upstream  of  the  module,  extending  about 0.2 module  diameter  downstream, 
a 15 included  angle  conical  expansion  for  about  one  diameter,  and 
then  a  constant  diameter  to  the  end of the  test  section. A blockage 
plate  and  standard  swirler  as  described  in  Subsection 8.1 were  silver 
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sohiered to a  standard  can  body,  which  was  supported  in  the  test 
section  by  three  radial  struts. 
To achieve  more  spatial  uniformity  of  tracer  upstream  of  the 
swirler, a tube  was  attached  to  the  can  body  extending  it  about six 
can  diameters  upstream.  Just  past  the  entrance  to  this  extension 
tube  a  coarse-mesh  screen  was  installed to support  the  tracer  tube 
and  increase  mixing.  The  tracer  was  injected  from  a  point o  the 
axis  immediately  downstream  of  this  screen,  discharging  through 
four  radial  holes,and  boosted  with  compressed  air.  This  additional 
air  was  less  than  five  percent  of  the  estimated  flow  through  the 
extension  tube. 
The  test  section  exhausted  into  a  large  pipe  tee  and  then  down 
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i n t o  the bui lding  exhaust   t rench.   This   arrangement   provided  access  
f o r  a s t ra ight  gas  sampl ing  probe  to  ex tend  in to  the  test sec t ion ,  
p a r a l l e l  t o  t h e  axis. Expressed as b lockage  p la te  d iameters ,  the  
probe  cons is ted  of about 3d of 0.06d tubing ,  f lowing  in to  an  0.2d 
tube which extended beyond the test sec t ion .  The probe w a s  mounted 
on a three-dimensional traversing mechanism such t h a t  any po in t  of 
t h e  downstream flow f i e ld  cou ld  be  sampled. 
Propane was used i n  low concen t r a t ions  a s  t he  tracer gas.  The 
gas sample from the probe w a s  passed through a  Beckman  Model 400 FID 
hydrocarbon analyzer. Sample flow ra te  could  be  var ied  and was found 
t o  have l i t t l e  e f f e c t  on t h e  r e l a t i v e  t r a c e r  c o n c e n t r a t i o n s  which were 
observed. 
Pressure  taps  were i n s t a l l e d  t o  m o n i t o r  p r e s s u r e  i n s i d e  t h e  c a n  
body and  upstream  and  downstream  of the blockage plate .  An upstream 
t o t a l  p r e s s u r e  p r o b e  was i n s t a l l e d  when t h e  t r a c e r  t u b e  and can 
extension tube were n o t  i n  p l a c e .  
9.2 Technique  and  results 
The pressure  measurements obtained from the locat ions descr ibed 
above were used to  ca l cu la t e  t ha t  approx ima te ly  1 9  percent  of t h e  a i r  
f low passes  through the can body. Th i s  ca l cu la t ion  w a s  derived from 
compress ib le  f low re la t ionships  and t h e  known areas, assuming 
i s e n t r o p i c  flow upstream of the  blockage plate  and swirler. The  open 
area of t h e  swirler is 21 percent  of t h e  t o t a l  open area i n  the p lane  
of the b l o c k a g e  p l a t e .  T h i s  i n d i c a t e s  t h a t  the i n i t i a l  v e l o c i t i e s  
I 
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of t h e  s w i r l e r  jets and annular a i r  j e t  are near ly  equal .  
With the  ex tens ion  tube  and  tracer tube in  place,  gas  samples  
were withdrawn from the flow field a t  several axial s t a t i o n s  dobmstream 
of  the  b lockage  p la te .  Af te r  de te rmining  tha t  the  tracer concent ra t ions  
were symmetric, the probing w a s  r e s t r i c t ed  to  one  quadran t  o f  t he  
test section.  Probing w a s  done  on a "gr id  poin t"  bas i s .  The g r i d  
was as f i n e  as 0.050 x 0.100 inch (0.022 x 0.045 blockage  p la te  
diameter),  depending upon the steepness of concentration gradients.  
A three-dimensional representation of the tracer concent ra t ions  
measured a t  0.045 diameters downstream of the  b lockage  p la te  is 
Presen ted  in  F igu re  31.  The two axes a t  t h e  l e f t  of t h i s  f i g u r e  
co r re spond  to  the  o r thogona l  r ad i i  which bounded the probed quadrant. 
The axis e x t e n d i n g  t o  t h e  r i g h t  c o r r e s p o n d s  t o  t h e  axis of t h e  
test s e c t i o n ;  d i s t a n c e  a l o n g  t h i s  axis rep resen t s  tracer concentrat ion.  
The f l a t  r e g i o n  n e a r  t h e  axis has  a concen t r a t ion  equa l  t o  the  
o v e r a l l  tracer t o  a i r  r a t i o .  F u r t h e r  o u t  me sees two complete  and 
two pa r t i a l  concen t r a t ion  peaks  wh ich  r ep resen t  t he  r i ch  j e t s  coming 
from t h e  swirler; s i n c e  t h e r e  are twelve vanes  in  the  comple te  
swirler, t h r e e  jets can be expected i n  each quadrant.  Maximum 
concent ra t ions  are about seven times t h e  o v e r a l l  level, roughly 
c o r r e s p o n d i n g  t o  t h e  f l o w  s p l i t  estimate descr ibed earlier. Beyond 
the peaks can be seen an outer  plateau where concentrat ions are 
between three and four times t h e  o v e r a l l  v a l u e ;  t h i s  r e p r e s e n t s  t h e  
relat ively s tagnant  region immediately downstream of  the blockage 
p l a t e  (see the  s t reaml ines  of  F igure  221, where f u e l  and a i r  have 
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been  mixed  and a flame may b e  s t a b i l i z e d .  The combustion observations 
descr ibed in  Subsect ion 8.2  support  this l o c a t i o n  of a s t a b i l i z a t i o n  
region. 
A more q u a n t i t a t i v e  p r e s e n t a t i o n  of the  t racer  concent ra t ions  can  
be  had from the contour  maps of Figure 32. These maps correspond to 
axial s t a t i o n s  a t  0.0045,  0.045,  0.09, 0.18, and 0.45 diameters 
downstream  of the  b lockage  p la te .  Each map represents one quadrant 
of t h e  f l o w  f i e l d ,  viewed  from  downstream.  The test s e c t i o n  a x i s  
is a t  the  uppe r  l e f t ,  w i th  o r thogona l  r ad i i  runn ing  a long  the  top  
and l e f t  edges. The arc  running from upper  r ight  to  lower lef t  
l ies s l i g h t l y  i n s i d e  t h e  test  s e c t i o n  wall; tracer concentrat ions 
o u t s i d e  t h i s  arc are e s s e n t i a l l y  z e r o .  Each  boundary  between a 
shaded and an unshaded region i s  a con tour  l i ne  ( cons t an t  t r ace r  
concentration).  Within each map the  con tour  in t e rva l  is one tenth 
of t h e  maximum conen t ra t ion  a t  t h a t  a x i a l  s t a t i o n .  T h e s e  rnaxima a r e  
7.0, 6.2, 4.9, 3.1, and 1.5 times t h e  o v e r a l l  f o r  t h e  f i v e  maps. I n  
each map, the  reg ion  neares t  the  axis (upper l e f t )  i s  a t  t h e  o v e r a l l  
concentrat ion;  concentrat ions increase with radius ,  passing through 
the r i c h  j e t  region, then decreasing toward zero as the test s e c t i o n  
wall is approached. The j e t  s t r u c t u r e  is  c lea r ly  de f ined  in t h e  
f i r s t  few maps, becoming more d i f f u s e  and merging circumferentially 
as the  f low progresses  downstream. A small amount  of  counter- 
clockwise swirl is a lso  apparent .  By 0.9 diameter  downstream of t h e  
b lockage  p la te ,  the  tracer concentrat ion i s  qui te  un i form across  the  
test sec t ion .  Dec reas ing  the  r e fe rence  ve loc i ty  by a f a c t o r  of f c u r  
7 4  
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Figure 32b. Contour  Map of Tracer  Concentrations 
at 0.045 Module Diameter  Downstream; 
test section  axis is at upper left, 
quadrant viewed looking  upstream 
. . . .  ". 
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Figure 32c.- Contour  Map of Tracer Concentration 
at 0.09 Module Diameter  Downstream; 
test  section  axis is at upper left, 
quadrant  viewed  looking  upstream 
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Figure 32d. Contour  Map of Tracer  Concentrations 
at 0.18 Module  Diameter  Downstream; 
test section axis is at upper left, 
quadrant viewed looking  upstream 
- - "" __ - . 
Figure 32e. Contour Map of Tracer  Concentrations 
at 0.45 Module Diameter  Downstream; 
test section  axis is at upper  left, 
quadrant viewed  looking upstream 
I 
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did not noticably alter these contour  maps, thus confirming the lack 
of Reynolds number effect  predicted in Section 6. 
The swirler jets can be  quantitatively  followed as they  progress 
downstream, moving outward and entraining  surrounding gases. A 
radial line drawn through the concentration peak of a  jet at  each 
axial station produces a cross-section representative of  the  jet 
structure. A number of these jet  cross-sections are shown in 
Figure 33, where tracer concentrations are plotted  against  radius. 
The jets can clearly be seen to move outward and dilute themselves 
with surrounding gases as they  progress  downstream. This process  is 
completed by about one module diameter downstream. 
A gross dilution rate for  the  swirler jets  can be  estimated by 
using this tracer concentration data.  Following  Hoult  and Weil (25) 
an entrainment parameter may be defined as 
where m is the mass entrainment  rate, p is  the gas density, A is the 
area through which mass is being  entrained,  and V(l - cos 8) is the 
relative tangential velocity between the swirler jets and the annular 
air flow between the swirler jets and  the  test section wall. All 
dilution is attributed  to tangential entrainment for the purposes of 
this calculation.  Let d be the blockage plate diameter and do be the 
test section diameter at the blockage plate axial station.  If the 
ewirler jets entrain all of the annular air  flow, one may write 
P 
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If the entrainment occurs in an axial distance equal to the blockage 
plate  diameter, the entrainment area may be approximated as 
R d2 
cos e A 2 2  
Substituting  equations (29) and (30) into equation (28), one obtains 
~ (di - d2) COS 8 
4d2(1 - COS 0) a %  
P 
Using a value of 8 2 60? obtained  from Figure 33 and  plugging in the 
values of do and d one obtains a value of a 5 0.08. This crude 
estimate agrees surprisingly well with the value 0.078 (= O.ll/fi) 
reported by Hoult  and Weil (25) for Gaussian velocity profiles. 
P Y  
Cold flow data  presented in this section generally support the 
flow calculations of Section 6. Additions have also been  made to the 
qualitative understanding of the flow field, particularly the region 
within one diameter of the blockage plate. A quantitative under- 
standing  of the flow field under combustion conditions will be 
developed in the next  section. 
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Gas Sampling under Burning  Conditions; 
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left to right 
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10. Measurements  under  Burning  Conditions 
10.1 Flow  hardware  and  sample  probe 
The measurements taken under burning conditions were done i n   t h e  
same test s e c t i o n  as the cold-flow tracer experiments,  as descr ibed 
in  Subsect ion 9.1,  with the fol lowing changes (see Figure 3 4 ) :  
The upstream extension tube was  removed from the swir l -can.  The 
tracer i n j e c t o r  w a s  replaced by a f u e l  t u b e  which simulated NASA's 
design,  a 3/16 inch  tube  running  a long  the  axis of  the  test s e c t i o n  
t o  a p o i n t  1/8 inch upstream of t h e  swirler, t e r m i n a t i n g  i n  a n  
0.052 i n c h  o r i f i c e .  A s i n g l e - e l e c t r o d e  i g n i t e r  w a s  added  immediately 
downstream of  the blockage plate ,  a t  t h e  t o p  of t h e  test sec t ion  such  
t h a t  t h e  s p a r k  would arc between t h e  i g n i t e r  and t h e  bloc'kage p l a t e .  
Copper tub ing  was wrapped around t h e  o u t s i d e  o f  t h e  test s e c t i o n  
f o r  c o o l i n g  water. A spray  bar  was i n s t a l l e d  i n s i d e  t h e  e x h a u s t  tee, 
downstream of t h e  test sec t ion ,  fo r  wa te r - coo l ing  the  walls of t h e  
tee. A spray-cooled  def lec t ion  p la te  was i n s t a l l e d  i n  t h e  b u i l d i n g  
exhaust  t rench below the exhaust  tee. 
A water-cooled sample probe was constructed of t h ree  concen t r i c  
stainless s teel  tubes ,  wi th  a skewed copper  t ip .  Mounted on t h e  
three-d imens iona l  t ravers ing  mechanism, the  probe  passed  through the  
exhaust  tee, e x t e n d i n g  i n t o  t h e  test s e c t i o n  p a r a l l e l  t o  t h e  axis. 
me p o r t i o n  of the  probe  which  ex tended  in to  the  tes t  s e c t i o n  had 
a di=c?ter of 0.20 inch, which is 0.09 times the b lockage  p la te  
diameter.  The p r o b e  t i p  Csee Figure  3 4 )  w a s  contoured  to  Provide  an  
aerodynamical ly  smooth t ransi t ion from the concentr ic  tubes to  the 
. . . . .. ". . ..... . 
81 
sample  in le t .  This i n l e t  w a s  located  approximately  one  probe 
diameter beyond t h e  end of t h e  c o n c e n t r i c  t u b e s ,  o f f s e t  from t h e  
probe's axis by one radius.  Thus,  the probe could be used to sample 
r i g h t  up t o  t h e  w a l l  o f  the  test sec t ion  wi thout  excess ive ly  
d i s t u r b i n g  t h e  f l o w  f i e l d .  
10.2 Choice  of  propane f u e l  
AS desc r ibed  in  Sec t ion  7, i t  w a s  determined that pentane  fue l  
would have a longer  evapora t ion  d is tance  for  ambient  in le t  a i r  
condi t ions than kerosene has  under  typical  engine operat ing 
conditions.   Gaseous  propane  fuel would s imulate   the  instantaneous 
evaporat ion of  a l i q u i d  f u e l .  A comparison of the combustion of 
pentane and propane could confirm the argument of Sect ion 7 t h a t  
d r o p l e t  e v a p o r a t i o n  e f f e c t s  a r e  n o t  s i g n i f i c a n t  i n  t h e  NASA 
swirl-can combustor. 
When the experimental  burner  was operated on pentane, i t  was 
found t h a t  a s i g n i f i c a n t  p o r t i o n  of t h e  f u e l  would r each  the  
r e l a t i v e l y  c o o l  w a l l  of t h e  test sect ion without  evaporat ing.  This  
l i qu id  fue l  f l owed  downstream along the wall t o  t h e  end of t h e  
test sec t ion ,  where  the  hot  gases  dump in to  the  exhaus t  tee. A t  
t h i s  p o i n t  a secondary flame was at tached,  burning inside the exhaust  
tee. While this s i t u a t i o n  w a s  an  in te res t ing  combust ion  phenomenon, 
it could not simulate the combustion downstream of the 120-module 
NASA swir l -can  a r ray .  T h a t  is, a s o l i d  wall cannot simulate 
imaginary surfaces  of  f low symmetry under conditions where f u e l d r o p l e t s  
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impinge upon that wall. It was  decided to proceed with combustion 
experiments  using gaseous propane fuel  to  approximate the rapid 
evaporation of kerosene expected under engine operating conditions.  
10.3 Gas sample  analysis  hardware 
The gas samples drawn through the probe described in Subsection 
10.1 were pulled through a l eng th  o f  unhea ted  p l a s t i c  t ub ing  in to  a 
diaphragm pump, then through an ice-bath moisture  t rap fol lowed 
by des iccant  tubes ,  and into the cont inuous-reading instrumentat ion.  
These instruments were: a Beckman Model 315A NDIR f o r  COZY Beckman 
Models 315A and 864 NDIR's f o r  CO, a Sco t t  Model 150 paramagnetic 
f o r  02, a Sco t t  Model 215 FID f o r  t o t a l  h y d r o c a r b o n s  (HC), and a 
Thermo-Electron Model 10A chemiluminescent for NO . For a sample 
wi th  more than 100,000 ppm HC (as C1); the  sample was d i l u t e d  w i t h  
n i t r o g e n  i n  o r d e r  t o  b r i n g  it wi th in  the  range  of  the  HC instrument .  
S ince  the  NO readings  were always less than 50 ppm, it was t r e a t e d  
as a minor species whose magnitude did not  affect  the calculated 
va lues  of  loca l  equiva lence  ra t io  and  mixture  nonuni formi ty  which  
were evaluated in the combustion experiments.  
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10.4  Reduction of d a t a  t o  l o c a l  e q u i v a l e n c e  r a t i o  
When a gas sample is taken from a p o i n t  i n  t h e  test  s e c t i o n ,  t h e  
gas ana lys i s  i n s t rumen ta t ion  desc r ibed  in  the  p rev ious  subsec t ion  
provides  time-averagemeasurements of  mole fract ions of  Cog, CO and 
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0 and  mole f r a c t i o n  times average carbon number for hydrocarbons,  
a l l  on a dry basis .  This  information alone is n o t  s u f f i c i e n t  f o r  t h e  
de te rmina t ion  of  loca l  equiva lence  ra t io ,  un less  some assumptions are 
made. Many of the publ ished methods for  calculat ing equivalence 
r a t i o ,  s u c h  as the  Spindt  method 06), r e l y  o n  a "water-gas" 
equi l ibr ium cons tan t .  This  assumes  tha t  H 0 and CO are i n  a 
quasi-equilibrium with C02 and H2. While th is  assumpt ion  may be 
reasonably  accura te  for  p i s ton  engine  exhaus t  gases ,  i t  is u n l i k e l y  
t o  b e  v a l i d  f o r  g a s  s a m p l e s  drawn from a r b i t r a r y  p o i n t s  i n  a complex 
combustor  f low  field.  An a l te rna t ive  assumpt ion  w a s  t h e r e f o r e  
developed. 
2 
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For a combustor fueled by a l igh t  s tab le  hydrocarbon such  as 
propane, i t  may be assumed tha t  the  hydrocarbon to  which  the  
hydrocarbon analyzer i s  responding is t h e  same as t h e  f u e l  which is 
fed  in to  the  combustor .  The j u s t i f i c a t i o n  f o r  t h i s  a s s u m p t i o n  is t h a t  
in regions where hydrocarbon concentrations are h i g h ,  t h e  f u e l  is 
l i k e l y  to be nearly unburned and unreacted; in regions of low 
hydrocarbon concentrat ion it is a minor species and the assumption 
has l i t t l e  e f f e c t  on the equivalence ratio.  For the hydrocarbon 
f u e l  CnH,, t he  ave rage  r eac t ion  fo r  gases  sampled a t  a p o i n t  i n  t h e  
flow f i e l d  may b e   w r i t t e n   f o r  major s p e c i e s  as 
WnH. + Cn+m/4)02 + 3.76-/4)N2 + TOL, C H + x. O2 + xco CO 
n m  2 
+ %02 c02 + "EI20 H2° + "Hz H2 + 'LN2 N2) 
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where 4 is the  equ iva lence  r a t io ,  T is t h e  number o f  moles of 
products  and x is mole f r a c t i o n  o f  s p e c i e s  i. Balance  equations i 
may b e  w r i t t e n  f o r  C, H, 0, and 
n$ = TCnx + x  + 
‘nHm co 
m@ = T ( m  C H  ” &H20 n m  
3.76Cn + m/4) = T 
lk2 
N as follows: 2 
(33) 
(34 1 
xCO + &C02 XH20) (35) 
The f o u r  d r y  b a s i s  species measurements may be equated to x /(l-% o), 
c02  2 
x /(l-\ o), x. / (l-xH o), and  n x / (1-\ o). It is a l s o  
known t h a t  t h e  mole fract ions on the r ight-hand s ide of  react ion (32) 
co 2 2 2 ‘nHm 2 
sum t o  u n i t y .  Thus t h e r e  a r e  n i n e  e q u a t i o n s  w r i t t e n  i n  terms of 
n, m, @, T  and the  seven mole f r a c t i o n s ,  x For a g iven   fue l  n  and i’ 
m may be determined, and the system of equation may then be solved. 
I n  p a r t i c u l a r ,  t h e  e q u a t i o n s  may b e  w r i t t e n  i n  terms of t h e  unknowns 
@, T, and T x i ,  r e su l t i ng  
The method described 
test sec t ion  desc r ibed  in  
i n  l i n e a r  e q u a t i o n s .  
above was appl ied to  data  obtained from the 
Subsection 10.1, burning C3H8. The 
resu l t ing  equiva lence  ra t ios  and  mole  f rac t ions  seemed reasonable,  
except that for  about  one-third of the d a t a  x was nega t ive  by a 
few  percent  (in rare ins t ances  x w a s  nega t ive) .   This  w a s  
H2 
5 2 O  
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a t t r i b u t e d  t o  a r e l a t ive ly  minor  spec ie s  be ing  qu i t e  s ens i t i ve  to  
inaccurac i e s  in t h e  g a s  a n a l y s i s  d a t a .  The ca lcu la ted  equiva lence  
r a t i o s  were much less s e n s i t i v e .  
In order  to  compensate  for t hese  measurement e r r o r s ,  a method 
was devised to  solve the system of  equat ions in  a least squares 
sense  with  respect   to   the  measurements ,   constraining x and %20 
to  be non-negat ive.  The  method w a s  b u i l t  around an avai lable  
rout ine  for  the  minimiza t ion  of  a sum of squares. The equations 
were so lved  fo r  t he  r ema in ing  va r i ab le s  in  terms of 
H2 
%,' XH,O' " 
and T. The minimization 
a t  each point  a f e a s i b l e  
ob jec t ive  func t ion  cou ld  
c 
i 
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rout ine  searched  over  these  four  var iab les ;  
so lu t ion   ( fo r   t he  x ) w a s  ca l cu la t ed .  An 
i 
then be expressed as 
I- x i , c  I *  (37 1 
where Ri is  t h e  s p e c i e s  i measurement expressed as a dry basis  mole 
f r ac t ion  (d iv id ing  by n in t he  case  of hydrocarbons), and the 
s u b s c r i p t  c r e f e r s  t o  c a l c u l a t e d  v a l u e s .  The minimizat ion rout ine 
d i rec ted  the  search  such  tha t  express ion  (37) w a s  minimized.  The 
po in t  a t  which th i s  occur red  w a s  t aken  to  be  the b e s t   f i t   t o  
exper imenta l  da ta .  Equiva lence  ra t ios  resu l t ing  f rom th is  method 
will be used in this sec t ion .  
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10.5 Reduction of data to local nonuniformity parameter 
Burner gas sample concentrations may a l so  be  used  to  gene ra t e  
a measure of the mixture nonuniformity a t  the point  where the sample 
is taken. Assume that t h e  sample p r o b e  p u l l s  i n  a rap id  success ion  
Of d i s c r e t e  p a c k e t s  of v a r i o u s  f u e l  f r a c t i o n s ,  and that  each packet  
is completely homogeneous. Fur ther  assume that  each packet  is i n  t h e  
chemical  equi l ibr ium corresponding to  i t s  f u e l  f r a c t i o n ,  t h e  i n l e t  
air tempera ture ,  and  the  fue l  proper t ies ,  i.e. combustion is complete 
wi th  no ne t  hea t  t ransfer .  F lammabi l i ty  limits may be imposed 
upon th is  assumpt ion;  for  the  ca lcu la t ions  presented  here in  they  
were a r b i t r a r i l y  set a t  4=0 and 4=3, wide enough not t o  s i g n i f i c a n t l y  
a f f e c t  t h e  r e s u l t s .  I f  t h e  f u e l  f r a c t i o n s  of these  packets  are 
d i s t r ibu ted  acco rd ing  to  equa t ion  (15), average mole fractions of 
C O P ,  CO, 02, and H20 fo r  t he  mix tu re  may be obtained by c a l c u l a t i n g  
equilibrium moles of each  spec ies  per  un i t  mass, f o r  a range of  fuel  
f rac t ions ,  then  weight ing  these  on  a mass bas is  us ing  equat ion  (15). 
Average  mole f r a c t i o n s  of CO CO, and O2 on a d ry  bas i s  may i n  t u r n  
be computed; t hese  are what would be measured on t h e  g a s  a n a l y s i s  
setup descr ibed in  subsect ion 10.3 where the packets  would be quenched, 
mixed, and desiccated on their  way through the flow system. 
2’  
The only unknowns in  the  ca l cu la t ions  desc r ibed  above  are t h e  
v a r i a b l e s  and u i n   equa t ion  (15). Given a set  of  gas  ample 
measurements, F is b e s t  computed from the equ iva lence  r a t io  method 
of the previous subsect ion.  The sum of  squares  minimizat ion rout ine 
was then  used  to  search  over  the  var iab le  0; f o r  e a c h  v a l u e ,  a 
- 
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f e a s i b l e  set  of   dry-basis  CO CO, and 0 mole   f rac t ions  was 
generated as described  above. An o b j e c t i v e  f u n c t i o n  w a s  then 
ca l cu la t ed  as 
2' 2 
2 
E i rg-3 i ,c  
us ing  the  no ta t ion  of express ion  (37). Hydrocarbons were n o t  
inc luded  in  express ion  (38) because they would b e  s e n s i t i v e  t o  t h e  
choice of realistic f l ammabi l i t y  l imi t s .  The minimizat ion rout ine 
then  d i r ec t ed  the  sea rch  ove r  cS such  tha t  express ion  (38) was 
minimized.  The  point a t  which t h i s  o c c u r r e d  was t a k e n  t o  b e  t h e  
b e s t  f i t  t o  t h e  experimental da ta ,  g iven  a l l  t he  a s sumpt ions  made 
earlier in  this  subsect ion.  Values  of  the mixing parameter  s could 
then  be  ca lcu la ted  us ing  equat ion  (16);  t hese  w i l l  b e  p r e s e n t e d  i n  
the  next  subsec t ion .  
The assumptions upon which t h i s  s u b s e c t i o n  is based are 
equivalent to the corresponding assumptions which were made i n  
Subsections 2 .1  and 2.2 f o r  t h e  c a l c u l a t i o n  o f  NO t h e  s parameter 
values which are the reby  ca l cu la t ed  are t h e  c o r r e c t  o n e s  to 
compare wi th  s v a l u e s  w h i c h  e n t e r  i n t o  t h e  NO p red ic t ions .  TO t h e  
ex ten t  that the assumptions are i n  e r r o r ,  the e r r o r s  will self- 
X'  
X 
compensate. 
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10.6 Resu l t s  
The hardware described in  Subsec t ions  10 .1  and  10.3 w a s  used to  
obta in  loca l  spec ies  concent ra t ions  whi le  propane  was being burned 
i n  t h e  tes t  sec t ion .  After de te rmin ing  tha t  t he  f low f i e ld  was 
roughly symmetric i n  terms of these concent ra t ions ,  de ta i led  probing  
was conducted i n  a s ingle  quadrant .  A grid-point system as f i n e  a s  
0.100 x 0.100 inch  (0.045 x 0.045 blockage plate diameter) was used, 
depending upon the  s t eepness  of concen t r a t ion  g rad ien t s .  Fu l l  
quadrants  were probed a t  0.22, 0.45, and 0.90 diameter downstream of 
the b lockage  p la te ,  for  a re ference  ve loc i ty  of  23 m f s  ( 7 5  f t f s ) ,  a t  an 
o v e r a l l  e q u i v a l e n c e  r a t i o  of approximately 0.4. Concentrat ion  data  
thus  obta ined  were reduced to  g r id -po in t  va lues  o f  equ iva lence  r a t io  
$I and mixing parameter s ,  us ing  the  methods  descr ibed  in  subsec t ions  
10.4 and 10.5. 
Equivalence rat io  contour  maps (similar t o  t h e  maps of Figure 32 
descr ibed  in  Subsec t ion  9 .2)  are p resen ted  in  F igu re  35. The 
c o n t o u r  i n t e r v a l  f o r  a l l  of t hese  maps is  0 .2  @ u n i t .  The  unshaded 
r eg ion  in  the  uppe r  l e f t  o f  each  o f  t hese  maps ( c l o s e s t  t o  t h e  
tes t  s e c t i o n  a x i s )  is the contour band 0.6 < @ < 0.8, o r  1 . 5  t o  
2.0 times t h e  o v e r a l l  @. In  Figure 35a @ i n c r e a s e s  w i t h  r a d i u s  t o  
a maximum of 2.1 i n  a region where some r i c h  j e t  s t r u c t u r e  is  v i s i b l e ;  
beyond this, I$ decreases toward a value of  zero near  the test 
s e c t i o n  wall (the annular  a i r  j e t ) ,  F i g u r e  35b  shows $I increas ing  
wi th  a r a d i u s  t o  a region of 0.8 < $I < 1.0 ,  wi th  a Pocket of 9 
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Figure  35a.   Contour  Map o f   E q u i v a l e n c e   R a t i o   a t  
0 .22  Module Diameter Downstream; 
t e s t  s e c t i o n  a x i s  is a t  u p p e r  l e f t ,  
quadrant  v iewed looking  ups t ream 
. . .
F i g u r e  35b. Contour  Map of Equ iva lence   Ra t io  a t  
0.45 Module Diameter Downstream; 
test s e c t i o n  axis is a t  u p p e r  l e f t ,  
quadrant  v iewed looking  ups t ream 
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Figure  35c.  Contour  Map  of  Equivalence  Ratio  at 0.09 
Module  Diameter  Downstream;  test  section 
axis  is at upper left,  quadrant  viewed 
looking  upstream 
Figure  36a.  Contour  Map  of  Nonuniformity  Parameter  at 
0.02  Module  Diameter  Downstream;  test  sec- 
tion  axis  is  at  upper  left,  quadrant  viewed 
looking  upstream;  values  not  meaningful in 
region  of  mottled  shading 
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Figure 36b. Contour  Map  of  Nonuniformity  Parameter at 
0.45  Module  Diameter  Downstream;  test  sec- 
tion  axis is at  upper  left,  quadra.nt 
viewed  looking  upstream;  values  not  meaning- 
ful  in  region  of  mottled  shading 
Figure 36c .  Contour  Map of Nonuniformity  Parameter  at 
0.9 Module  Diameter  Downstream;  test  sec- 
tion  axis  is  at  upper  left,  quadrant 
viewed  looking  upstream 
I 
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s l i g h t l y  g r e a t e r  t h a n  1.0 a t  the upper  r ight ;  @ then decreases toward 
zero  a t  the test s e c t i o n  wall .  I n  F i g u r e  35c, except  for  pockets  of 
@ s l i g h t l y  g r e a t e r  t h a n  0.8 a t  the uppe r  r igh t ,  @ simply decreases 
toward zero beyond the central  region. 
There are s i g n i f i c a n t  d i f f e r e n c e s  between these  @ maps obtained 
under combustion conditions and the cold-flow tracer maps of Sub- 
s e c t i o n  9.2. The r eg ion  nea r  t he  test s e c t i o n  axis is considerably 
richer than  the o v e r a l l  4, as noted  above. The s t r u c t u r e  o f  t h e  
r i c h  swirler je t s  is no t  nea r ly  as well-defined or symnetric.  
However, the  hot  and  co ld- f low da ta  a re  roughly  similar i n  a q u a l i t a t i v e  
sense.  
In  terms of e v a l u a t i n g  t h e  module wake enrichment  factor  F /Fo, 
P 
a prec ise  va lue  cannot  be  obta ined  wi thout  weight ing  a l l  t h e  p o i n t s  
i n  t h e  wake a c c o r d i n g  t o  t h e i r  relative importance t o  t h e  f o r m a t i o n  
of NOx. This would involve detailed measurements not only of 4,  
b u t  a l s o  t h e  relative res idence  
data matching of Subsect ion 3.2 
contour  maps of Figure  35, t h i s  
i t  is s e e n   t h a t  0.7 @ 1.5. 
time a t  each  point.  The NO emissions 
produced a value  of 2.5. For  the 
cor responds   to  @ 1.0. General ly  
There are ex tens ive  r eg ions  of 
X 
Figure  35b where 0 is near unity. Upstream of these  r eg ions  
Thus, i n  a rough  sense,   support  is g i v e n  t o  the approximation 
F /F 2.5. 
P O  
Contour maps of mixing parameter (for the same axial s t a t i o n s  as 
the 4 maps) are shown i n  F i g u r e  3 6 .  For a l l  of t h e  s -maps  t h e  
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c o n t o u r  i n t e r v a l  is 0.1 s u n i t .  The shaded region in the upper l e f t  
of each of t hese  r eg ions  is the  con tour  band  0.2 < s < 0.3. I n  
Figure 36a there  are patches where s is s l i g h t l y  less than 0.2, a 
couple  of peaks which are s u s p e c t e d  t o  b e  bad da ta  po in t s ,  t hen  a 
sha rp  inc rease  o f  s w i t h  r a d i u s  t o  c a l c u l a t e d  v a l u e s  w e l l  above 
unity,  which appear as random shading. These high values are not  
cons idered  meaningfu l  s ince  the  assumpt ions  of  Subsec t ion  10 .5  w i l l  
no t  be  va l id  in  these  r eg ions .  In  r eg ions  where  pu re  a i r  is  found, 
s w i l l  be  unde f ined  because  the  loca l  fue l  f r ac t ion  i s  z e r o ;  f o r  t h e  
purposes of Figure 36, s has  been  cons t ra ined  to  be  zero  a t  t h e  test 
s e c t i o n  w a l l .  Figure 36b  shows a more cons tan t  value of s a t  the  
upper l e f t ,  w i t h  a more g r a d u a l  i n c r e a s e  t o  s>>l. In  Figure 36c,  
t h e  s va lues  are q u i t e  w e l l  behaved, increasing with radius toward 
three  or  four  peaks  where  0.8 < s < 1.0; beyond t h i s ,  s decreases  
toward t h e  s=O c o n s t r a i n t  a t  t h e  wall. These  peaks seem t o  b e  
ves t iges  o f  t he  swi r l e r  j e t  s t ruc tu re ,  i n fo rma t ion  which was not  
v i s i b l e  i n  t h e  c o r r e s p o n d i n g  @ map (Figure 35c).  
As i n  t h e  case of the parameter F /F i t  is n o t  p o s s i b l e  t o  
o b t a i n  a p r e c i s e  v a l u e  f o r  t h e  a p p r o p r i a t e  a v e r a g e  module-wake mixing 
parameter s . The NO emissions  data  matching  of  Subsection  3.2 
produced a value  of  0.4. Generally i t  is  s e e n   t h a t  0.25 s < 1+. 
There is  a wide region where 0.3 < s < 0.5 in  Figure 36c, although i t  
is weighted toward a smaller test s e c t i o n  r a d i u s  t h a n  t h e  r e g i o n s  of 
F igure  35 where $ % 1. Upstream, i n  F i g u r e s  36 b and a ,  the  reg ion  
P O  
P X 
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s % 0.4 i s  narrower.  Thus, t h e  s maps tend to support  the approximation 
s % 0 . 4 .  
P 
11. Summary and  Conclusions 
This  repor t  has  presented  a model f o r  p r e d i c t i n g  NOx emissions from 
gas turbine combustors.  The s t r u c t u r e  of t h e  model is modular, and is  
n o t  r e s t r i c t e d  t o  p a r t i c u l a r  combustor  geometries. It c o n s i s t s  of a stirred 
reactor followed by p lug  f low reac to r s  t o  wh ich  d i lu t ion  a i r  can be added. 
A modified Zeldovich scheme i s  used f o r  t h e  NO formation kinet ics .  Fuel-  
air . ,  nonuniformities are incorporated.  Applicat ion of t h i s  model t o  a tubular  
premixed combustor, and the NASA s w i r l  can combustor produced quite satis- 
factory agreement with available emissions measurements. Numerical calcula- 
t i o n s  of s t reaml ines  and fue l  evapora t ion  backed up the  app l i ca t ion  of t h e  
model t o  t h e  NASA swirl-can combustor. Visualization experiments were a l s o  
conducted  for   bet ter   understanding.   Confirming  quant i ta t ive  data  came from 
experiments with cold-flow tracer and  propane-burning  gas  sampling. A general  
model f o r  NOx formation such as the one described herein,  supported by 
theo re t i ca l  ca l cu la t ions  and experiments,  can be useful for the interpolation 
and ex t rapola t ion  of test d a t a ,  f o r  examining t h e  e f f e c t s  of design trade-offs,  
and for  increas ing  the  unders tanding  of  processes  ins ide  a gas turbine combustor. 
The major general conclusions are: 
(1) A modified Zeldovich kinetic scheme using equi l ibr ium 
combustion products i s  s u f f i c i e n t  f o r  t h e  c a l c u l a t i o n  
of NO, formation under  typical  gas  turbine condi t ions.  
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(2) The type of general  NOx model  presented herein can 
extract information about  entrafnment  and mixing in  
the combustor from engine emission data. 
(3) Low NOx emissions require  the combust ion zone to  be 
lean and very w e l l  mixed. 
(4) A measure of t h e  mixedness i n  a combustor can be derived 
from time-averaged internal gas sample measurements.  
The following are the  major  conclus ions  spec i f ic  to  the  NASA 
swirl-can combustor: 
(5) A t  t h e  o p e r a t i n g  c o n d i t i o n s  of i n t e r e s t ,  combustion 
i n   t h e  module wakes is o n l y  s l i g h t l y  l e a n  and no t  ve ry  
well mixed, bu t  the  res idence  t i m e  i s  reasonably  shor t .  
(6) Fuel  evaporation times are much shor te r  than  the  gas  
res idence times and "droplet combustion" does not occur. 
(7) Low NOx emission can be achieved only by making the  
module wakes l eane r  and  cons ide rab ly  be t t e r  mixed. 
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